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FOREWORD
I n  c h r o m a t o g r a p h i c  works  c l a s s i c a l  d e f i n i t i o n s  can be r e a d .  One 
o f  t h e  b a s i c  b o o ks  d e c l a r e s  f o r  i n s t a n c e  t h a t  " chrom atography  
o p e r a t e s  as a s y s t e m  o f  t h r e e  co m p o n en t s .  A s t a t i o n a r y  p h a s e , a 
m o b i l e  phase  and ,  l a s t  b u t  n o t  l e a s t ,  t h e  sample  w h ich  i s  s u p ­
p o s e d  t o  c a r r y  t h r o u g h  or  a l o n g  t h e  s t a t i o n a r y  p h a s e . "
I  b e l i e v e  t h a t  ch r o m atography  o p e r a t e s  as a s y s t e m  o f  f o u r  
c o m p o n e n t s ,  and t h e  f o u r t h  one i s  t h e  p e r s o n a l  c o n t a c t  b e tw een  
p e o p l e  who do t h e  f o b  i n  p a r t i c u l a r  f i e l d s  o f  c h r o m a t o g r a p h y . A 
workshop o r  symposium m i g h t  be as  i m p o r t a n t  as  t h e  work wh ich  
i s  ( o r  s h o u l d  b e )  p r e s e n t e d .  The p e r s o n a l  c o n t a c t  and ex ch ange  
o f  t h o u g h t s  have a mos t  p o w e r f u l  c a t a l y t i c  a c t i o n  on s c i e n t i f i c  
work.  The i n s p i r a t i o n  g a i n e d  f rom  o t h e r s  may have a b a s i c  r o l e  
i n  t h e  d e v e l o p m e n t  o f  a new t e c h n i q u e , b u t  e s p e c i a l l y  i n  t h e  
d i s s e m i n a t i o n  o f  a new me thod.  Chromatography i s  an e x t r e m e l y  
r a p i d l y - g r o w i n g  f i e l d  o f  m e t h o d o l o g y . The l a r g e  amount  o f  new 
i n s t r u m e n t s , c h e m i c a l s , s o l i d  p h a s e s ,  t r i c k s ,  t o o l s  and i d e a s  
fo rm  a p u z z l i n g  p i c t u r e  w h ich  may be c l a r i f i e d  by t a l k i n g  and  
e x c h a n g i n g  i d e a s  w i t h  p e o p l e  who have a l r e a d y  had some p e r s o n a l  
e x p e r i e n c e  w i t h  a g i v e n  s u b j e c t ,  o r  t e c h n i q u e .
A Symposium d e a l i n g  w i t h  "New Approaches  i n  C h ro m a to g ra p h y" 
c o u l d  be j u s t  a n o t h e r  symp os ium,  were i t  n o t  f o r  a v e r y  s p e c i a l  
c h a r a c t e r i s t i c .  And t h i s  Symposium had one ,  namely  t h e  v e r y  
t i g h t  c o n n e c t i o n  b e tw e e n  E a s t  and West .  I t  was t h e  s e c o n d  Sym­
pos ium  i n  t h i s  s e n s e .  S c i e n t i s t s  coming from E a s t  and West,  
t h e i r  i n t e r e s t i n g  p a p e r s  and l i v e l y  d i s c u s s i o n s  d e m o n s t r a t e d  
t h e  f r u i t f u l n e s s  o f  s uch  m e e t i n g s . T h i s  c o l l e c t i o n  o f  p a p e r s
V
w i l l  d e m o n s t r a t e  t o  a l l  who d i d  n o t  p a r t i c i p a t e  i n  t h i s  Sym­
p o s iu m  t h a t  t h e r e  were many i m p o r t a n t  t o p i c s  o f  g e n e r a l  i n ­
t e r e s t  f o r  p e o p l e  w o r k i n g  i n  t h i s  f i e l d .
We th a n k  a l l  t h o s e  who p r e p a r e d  t h e i r  p a p e r s  f o r  p u b l i c a -  
t i o n j  and we hope t o  me et  t h e  p a r t i c i p a n t s  o f  t h e  Symposium  
a g a i n 3 as  w e l l  as  many o t h e r s  who w i l l  d e c i d e } on r e a d i n g  t h i s  
vo lume j  t o  p a r t i c i p a t e  i n  o u r  n e x t  m e e t i n g .
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SUMMARY
1) Amino-substituted derivatives of ß-MSH were synthesized for v a r i­
ous purposes such as studies on MSH receptors (FITC-MSH), for the produc­
tion of thiolated intermediates of ß-MSH (SPDP-MSH) and for studying the 
effects of a novel MSH-toxin conjugate (ouabain MSH).l) A mixture of FITC- 
-ß-MSH derivatives was separated by RPLC. The formation of FITC-MSH was 
monitored by simultaneous UV and fluorescence detection. The major fraction 
of fluorochrcme labeled peptide was resolved as a homogeneous peak on re - 
chramatography. The tyrosinase stimulatory ac tiv ity  of the conjugate vas 
55” tha t of the unsubstituted peptide (10~8m) .
2) SPDP-MSH conjugates were separated by RP-HPLC by using a multiple 
aceton itrile  gradient. Several biologically active SPDP-ßdMSH fractions 
were obtained and were used for the preparation of thiolated ß-MSH as in te r­
mediates to link the hormone to MSH-react ive biologically active molecules.
3) Ouabain-ß-MSH conjugates were separated by RP-HPLC from unconjugat­
ed ß-MSH and from oxidized products of ouabain. The formation of reaction 
products was monitored by using (3h) -ouabain as tracer and measuring the 
radioactivity of the fractions. The tyrosinase-stimulatory ac tiv ity  of the 
major ouabain-MSH conjugate was 66% of that of the unsubstituted peptide 
when measured a t 0.1 yM concentration. While free ouabain (1 yM) was highly 
cytotoxic to murine melancma, the ouabain-ß-MSH conjugate had a potent 
growth-stimilatory effect during the early phase of ce ll growth.
INTRODUCTION
Currently, High Pressure Liquid Chromatography (HPLC) is  the method 
of choice for the separation and purification of snail and mediun-sized (up 
to 20 residues) peptides and th e ir derivatives (1,2). Reversed-Phase HPLC 
(RPLC) has been used successfully for the separation of biologically active 
N-hydroxyphenyl popionyl derivative of a ß-melanotropin (ß-MSH) fragment 
(1,3). Subsequently, RPLC was used to monitor the time course of ß-MSH 
iodination and to purify the biologically active mono-^ -35x-g_MSH derivative 
(4). In addition to the production of biologically active radio-labeled MSH, 
we have been using RPLC for the purification of biologically active amino- 
substituted derivatives of the same as reported here.
3
The amino acid sequence of porcine ß-MSH ± s as shown:
Asp -Glu -Gly-Pro -Tyr -Lys -Met -Glu -His -Phe -Arg -Trp -Gly-Ser -Pro -Pro -Lys -Asp
When the octadecapeptide is  derivatized with amino-react ive reagents 
such as aldehydes, isothiocyanates or N-hydroxysuccinixnidylates, the forma­
tion of mixture is  anticipated, consisting of three mono-substituted de­
rivatives (in the N-terminai amino group or the e-anino groups of lysine 
#6 and #17), three disubstituted derivatives and one tri-substitu ted  peptide. 
In order to be able to use the conjugates for studies on MSH receptors they 
have to be separated frcm the unsubstituted peptide, from the reagents and 
fron the biologically inactive reaction products. As we show in th is  report, 
RPLC is  a convenient and rapid method for the purification of biologically 
active anino-substituted derivatives of ß-MSH.
METHODS
1) FITC-ß-MSH
To a solution of 4 mg HPLC-purif ied ß-MSH (4) in 1 ml 0.1M Na2 (X>3 ,
0.7 mg fluorescein isothiocyanate (FITC, Signa, St. Louis, MO) in 1 ml 0.1M 
Na2 <X) 2  was added and was allowed to react a t rocm tsnperature for 2 hr. The 
clear solution was f ilte red  through a Biogel P2 column (0.8 x 20 cm 
equilibrated with d is tille d  water). The yellow fraction eluted in the void 
volume was freeze-dried, then redissolved in 0.4 ml d is tille d  water.
Exposure to light was reduced by wrapping the Biogel column and other 
containers of the reaction mixture in aluminium fo il .  10-250 yl aliquots of 
the solution were injected into the HPLC systan which consisted of two 
Waters Associates M6000A pumps, a Model 6600 Programmer, U6K injector.
Waters yBondapack C18 0.3 x 30 cm column, Perkin-Elmer LC-75 UV/Vis de­
tector, Perkin-Elmer fluorescence detector and Houston Instruments IXial Pen 
chart recorder. A linear 20-25% aceton itrile  gradient was used in 5rM 
ammonium acetate (pH 5.8). Biological ac tiv ity  of the fractions was meas­
ured in Cloudnan S91 melanana cells  by the Pcmerantz tyrosinase assay (5).
2) SPDP-p-MSH
To 200 yg HPLC-purified ß-MSH in 40 yl phosphate-buffered saline, 
ph 7.5 (PBS), a solution of 248 yg N-succinimidyl 3 - (2-pyridyl-dithio) 
propianate (SPDP, Pharmacia Fine Chemicals, Uppsala, Sweden) in 80 yl
4
Iethanol was added and the reaction mixture was kept at roan temperature 
for % hr. The unreacted reagent was neutralized by adding 488 yg ethanol- 
amine in 80 y 1 PBS. The reaction mixture was injected into a Beckman Model 
334 Gradient Liquid Chranatograph which consisted of 2 Model 110 A pumps, a 
Model 420 microprocessor/progranmer, a Waters C18 yBondapak column a fixed 
wavelength UV detector and a Kipp & Zonen BD 41 two-pen recorder. An aceto­
n i t r i le  gradient was used containing 0.05% trifluoroacetic acid. The aceto­
n i t r i le  concentration was increased according to the following schedule:
10 + 24% in 22 minutes, •+ 30% in 3 min, ■+ 40% in 30 min, -► 60% in 5 min.
0.5 ml fractions were collected, freeze-dried and assayed for tyrosinase 
activ ity  (5,6).
3) Ouabain-ß-MSH
The procedure we used was similar to the one used for the preparation 
of dauncmycin-MSH (7). To a solution of 10 mg Ouabain (Signa) containing
■3
5 yCi of ( H)-Ouabain (New England Nuclear, Boston, MA), 5 mg NalO  ^ was 
added in 0.5 ml PBS. The oxidation was allowed to proceed a t rocm tempera­
ture for 1 hr. The reaction was terminated by adding glycerol to a 50 nM 
final concentration. To the oxidized ouabain, 15 mg ß-MSH was added in 0.5 
ml ^CO^ (0.15 M, pH 9.5). Followring 1 hr reaction at roan temperature, the 
Schiff base was reduced by adding 0. 5 mg NaBH^  in 0.1 ml d is tille d  water. 
The reduction was completed a t 37° for 2 hr. The reaction mixture was 
passed through a Biogel P2 column (0.8 x 20 cm) equilibrated with d is tille d  
water. The radioactive fraction appearing in the void volume was freeze- 
dried then redissolved and aliquots were injected into the Waters HPLC 
System described in Section 1. The system was operated in the isocratic 
mode with 24% acetonitrile  in 0.1 M (NH^PO^ pH 5.8). Radioactivity was 
measured in a Beckman LS 7000 Liquid Scin tillation  Counter.
RESULTS and DISCUSSION
1) FITC-ß-MSH
Fluorochrane-labeled ß-MSH has been used earlier for ce ll surface 
labeling and for studies of hormone internalization by melanoma ce lls  (6). 
In these earlier studies, the FITC-peptide conjugates were separated frcm 
the reagents by gel exclusion chromatography. As is  shown in Figure 1, the 
reaction mixture excluded frcm Bipgel P2 contains a small amount of un-
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Figure 1 Separation of FITC-a -MSH derivatives, 5 /AL 
FITC- ß -MSH solution was injected into the 
Waters HFLC System at room temperature. Flow 
ra te  = 2 ml/min; fluorescence excitation a t 
490 nm, emission measured a t 512 nm.
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Figure 2 Re-chromatography of FITC- ß MSH fraction B 
(reference to Figure 1). See details i s  the 
Methods section. Conditions of HPLC were the 
same as lis ted  in Figure 1.
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Figure 3 Separation of SPTTP- ß -MSH derivatives by
HFLC. Details of the preparation and gradient 
are described in the Methods section. Flow 
ra te  = 1 ml/min.
labeled peptide. In addition, seven fluorochrcme labeled peptide fractions 
could be detected when the reaction mixture was separated by RP-HPLC. The 
biological ac tiv ity  of the peaks was measured and compared to the 
tyrosinase-stimmlatory ac tiv ity  of unsubstituted ß-MSH (10-®M). The activ­
it ie s  of peaks A,B and C were 50, 57 and 2314 that of the unsubstituted 
peptide, respectively. The top fractions of peak B (eluted a t 19-20 min) 
were collected and freeze-dried. The re-dissolved FITC-ß-MSH was re-chrcma- 
tographed under identical conditions. As is  shown in Figure 2, the seeming­
ly homogeneous peak could be resolved on re-chromatography. This fraction 
was collected, freeze-dried and used for studies on MSH receptors. The 
biological activ ity  at 10 concentration was 55% that of the unsubstitu­
ted hormone.
2) SPDP-ß-MSH
The N-succinimidyl-3- (2-pyridyldithio) -propionyl (SPDP) derivative of 
ß-MSH was prepared in order to introduce a th io l group into the peptide.
We used published methods of der ivat izat ion with SPDP (8). The separation 
of the reaction products is  an example of the use of RPLC for purifying 
biologically active hormone derivatives from complex reaction mixtures 
(Figure 3). In th is  Figure the unshaded peaks show reaction products that 
were formed in the reaction of SPDP wriLth ß-ethanolamine alone ( i . e . , with 
the substance used to neutralize excess SPDP). The line-shaded peak shows 
the position of unsubstituted ß-MSH. The black peaks show the products 
formed in the reaction of ß-MSH and SPDP. When compared with the activ ity  
of the unsubstituted peptide a t 10_^ M, the tyrosinase-stimulatory activ ity  
of peaks A-E is  in the 50-150% range; the ac tiv ity  of peak F is  uncertain. 
Fractions were subsequently treated with d ith io th re ito l to reduce the 
dithio bond and thus form th ilated  ß-MSH which was then used for producing 
MSH-taxin conjugates. Details of th is  work wri.ll be published la ter.
3) Ouabain-ß-MSH
Ouabain was linked to ß-MSH through aldehyde groups formed by period­
ate oxidation of the deoxymannopyranosyl group of the molecule. Since both 
the 3-4 and 4-5 carbon bonds of the carbohydrate can be cleaved by per­
iodate oxidation, four different aldehydes can be formed which may react 
with the three free amino groups of ß-MSH. The simplicity of the HPLC 
elution pattern (Figure 4) may be a consequence of an incomplete resolution
2 * 9
♦
of the numerous structurally  similar ouabain-g-MSH derivatives; a lte rn a ti­
vely, few major reaction products could have been formed. Peak A is  
probably a polymerized product of oxidized ouabain; peak B is  native g-MSH; 
peaks C and D are ouabain-g-MSH conjugates. The tyrosinase-stimulatory 
activ ity  of fraction (D) is  66% of that of the unsubstituted g-MSH (10-^M). 
Surprisingly, while free ouabain (1 pM) was highly toxic to melanana cells, 
ouabain-g-MSH (peak D) stimulated growth. When ouabain41SH was added (0.1 
pM) to melanoma ce ll cultures during the f i r s t  day of cultivation, cells 
grow about twice as fast as untreated cells. Whether th is  stimulation is 
related to an interaction between receptors for MSH and an Na+/K+ pump in 
the ce ll membrane, is  under investigation.
CONCLUSIONS
As we have shown, RPLC is  a convenient method for separating and 
purifying amino substituted derivatives of g-MSH, In some cases well- 
resolved homogenous fractions can be obtained in one run. In others, re- 
chrcmatography is  needed to resolve structurally  similar biologically active 
peptide derivatives. On RPLC, amino-substituted derivatives of g-MSH appear 
la te r than the unsubstituted peptide. The retardation of the conjugates is  
probably due to an increased hydropbobicity because the peptide derivatives 
are formed by the substitution of ionizable amino groups with rela tive ly  
large arcmatic or saturated cyclic compounds (1,9).
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H I G H - P E R F O R M A N C E  L I Q U I D  CHR OMA TOG RA P HY  
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In protein separation i t  is  possible to exploit the molecular size, charge 
differences and the hydrophobicity of species to be separated. According to 
these properties i t  is  possible to use gel permeation chromatography, ion 
exchange chromatography or reversed phase HFLC. Each of these techniques has 
i t s  own advantages and lim itations. Thus, for instance, reversed phase 
chromatography can be used only with proteins which re ta in  the ir so lubility  
in re la tively  hydrophobic media and which, i f  possible, can be recovered in 
native sta te  a fte r some additional operation. Therefore, reversed phase 
chromatography has been used mainly with low-molecular weight peptides and 
proteins and the other two techniques mentioned above are s t i l l  prevailing 
in the separations of giant molecules.
A category of far the largest protein molecules is  represented by 
fibrous proteins. Only the category of collagen has been approached by modem 
chromatographic techniques (1,2) while the others like fibrous proteins of 
muscle, re s ilin , fibroin, etc. are at the moment neglected completely. Col­
lagen separations are trad itionally  a different problem as long as collagen 
represents a family of very closely related six different proteins of re la ­
tively  low so lu tib ility  that may occur side by side in tissues. From the 
separation point of view collagens represent a rare category of very high- 
molecular proteins in which a l l  the three separation principles, i .e ., gel 
permeation, ion exchange and reversed phase partition  can be applied. Some 
of the members of th is family (individual collagen types) d iffer in their 
re la tive  molecular mass, others in the ir charge or hydrophobicity, some have 
a s tr ic tly  rig id  helical structure while in others interruptions of th is 
structure by flexible regions are seen. (For review see. r e f .3). Therefore 
th is category of proteins represents an excellent model on which the appli­
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cab ility  of different chromatographic principles can be demonstrated. (For 
review see re f .4).
At the beginning of our studies using HPLC we attempted to separate 
collagen type I and I I I  polypeptide chains using a copolymer of 2-hydroxy- 
ethyl methacrylate with ethylene dimethacrylate covalently coated with 
glucose (Separon HEMA 1000 Glc gel) (Fig.la, b ) .
Fig.l a . The chromatographic profile  of a 
mixture of collagen polypeptide 
chains. Type I I I  collagen is  pres­
ent in i t s  disulphide bonded form 
a 1 (III) 3
Fig.lb . The chromatographic pro­
f i le  of a mixture of 
collagen polypeptide 
chains. In the mixture 
disulphide bonds were 
cleaved by oxidation 
prior to chromatography 
and therefore type I II  
collagen is present in i t s  
monomeric form as
cxl(III)
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Though a good quality of separations was achieved, the process was not gov­
erned solely by gel permeation, as long as molecular en tities  of identical 
re la tive  molecular mass were separated. This may be of advantage in the sep­
aration of certain collagen mixtures, but causes considerable d ifficu lties  
when gel permeation seoarations are used for the investigation of complex 
mixtures of different collagen polypeptide chains and the ir fragments. We 
attempted therefore to abolish the secondary interactions as much as poss­
ible and establish a high performance procedure in which gel permeation 
would be the only mechanism involved.
EXPERIMENTAL
Separations were done on a Pye Unicam liquid chromatograph LC 20 
equipped with the UV spectrophotometric detector LC-3 set a t 230 nm. A 
stainless steel column (500 x 8 nm) prepacked with Separon HEMA 1000 Glc, 
partic le  size 12-17 /m, was used. The apparatus was operated a t about 1'5 mPa 
overpressure which gave a flow ra te  of 1.5 ml/min. Of the several mobile 
phases tested the best resolutions were obtained by isocratic elution with 
a solution composed of 0.2 mol/L NaCl - 2 mol/L urea - 0.05 mol/L Tris. HCL 
buffer, pH 7.5. Samples of individual collagen types and the ir fragments 
were prepared by established methods. In order to avoid problems arising 
from UV absorbency of mercaptoethanol, disulfide bonds cleavage was done 
by performic acid treatment.
RESULT'S AND DISCUSSION
The applicability  of the worked-out procedure is  demonstrated on the 
following examples. Clearcut separations are obtained with alpha-chain 
polymers (Fig.2) and a rapid information can be obtained about S-S bond 
cleavage in collagen type I II  (Fig.3). The separation efficiency is  su ffi­
cient to distinguish between alpha^ (IV) and a lp t^  (IV) collagen poly­
peptide chains, a resu lt that has not been visualized by gel permeation 
chromatography before (Fig.4).
A general image about the retention times of individual collagen 
species and some of the ir fragments is  summarized in Table 1. The retention 
times decrease with increasing re la tive  molecular mass, however,the decrease 
is  not s tr ic tly  linear in the logarithmic scale as i t  would be expected 
(Fig.5). No separation of collagen polypeptide chains of identical re la tive
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molecular mass but originating fron different collagen types was observed.
I t  has been communicated before that sorption plays an inportant ro le in 
high performance gel permeation chromatography. Indeed in our previous pa­
pers we have observed the separation of, e .g ., alpha-^(I) and alpha^(III) on 
the same sorbent that has been used in the present experiments when isocratic 
elution with 0.05 M Tris-HCl buffer, pH 7.5 (2M with respect to urea) was 
used. This was ascribed either to differences in hydrodynamic volumes of 
matching collagen peptide chains originating from different species or 
adsorption and/or partition  interactions of the separated protein molecules, 
or fina lly  to the possible weak a ffin ity  of collagen chains to the glucose 
coated macroporous adsorbent causing respective retention differences of 
otherwise similar molecules.
“ (I)
Fig,2 GPC separation of a-chain polymers with the mol­
ecular sieving effect as the governing mechanism 
of separation
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Fig.3 GPC of collagen type I I I  In i t s  trimeric (upper
panel) and monomeric form (lower panel, a fte r S-S 
bond cleavage)
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Fig.4 Separation efficiency of the HPGPC procedure demonstrated
by the p artia l separation of both collagen type IV ct—chains
Retention time (min)
Fig.5 Log molecular mass vs. retention time plot of the collagen 
chains showing non-linearity of the relation
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Table I Retention times of different polypeptide chains 
of the collagen family
Type ol  c o l l a g e n  
c h a i n
Re l .  m o l . m a s s R e t e n t i o n  t i m e  
mi n .
1 e i ] ( l ) , o i
e . l ( l l l )
2 < « > . 1 0 0  0 0 0 4 2 . 0
2 01] ( I V )
N
1 4 0  0 0 0 3 8 . 5
3 o 2 ( I V ) 1 6 0  0 0 0 3 7 .  0
4 0 ( 1 ) 2 0 0  0 0 0 3 4 . 0
5 r  ( i ) ,  c o . ] ( i i i ) 3 3 3 0 0  0 0 0 1 4  0
6 •  ] ( I V )  BM 1 6 0  0 0 0 3 7 .  0
7 Or2 ( I V )  BM 1 8 0  0 0 0 3 4 . 5
8 C] f r a g m e n t 1 2 0  0 0 0  av. 4 1 0
9 (  f r a g m e n t 9 5  0 0 0 4 3  0
10 5 0  K f r a g m e n t 5 0  0 0 0 5 0  0
11 o , _ 3 ( V ) 1 1 0  0 0 0 4 1 .  5
12 7 S 3 6 0  0 0 0 4 . 0
13 7 S c o l l 2  2 5  0 0 0 2 9 . 0
I t  is  evidenced now(Fig.6) that an increase of ionic strength of the 
eluent is  capable of completely abolishing the inter-species differences at 
least between collagen I, I I I ,  IV and V. The same resu lt can be achieved 
either by adding NaCl to the eluting solvent or by increasing the concentra­
tion of the Tris buffer to 0.5 Mol/L. The separation conditions can be se­
lected in such a way that gel permeation is  the only mechanism governing the 
separation. S ti l l  the non-linearity of the retention time vs. logarithm of 
molecular mass relation indicates that some other effects though minimalized 
s t i l l  persist throughout the separation effected on Separon MEHA 1000 Glc.
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Fig-6 Dependency of the retention time upon the 
composition of the mobile phase
In other words with th is category of gels i t  is  possible to make a 
rational selection of conditions that would offer separations either solely 
on the basis of molecular sieving or may exploit other interactions as well 
offering thus separations of protein species of identical re la tive molecular 
mass. In our opinion th is widens the separation possib ilities  not only with 
collagen proteins but with other protein mixtures as well.
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SUMMARY
TLC in v e s t ig a t io n  o f v a rio u s  polym ers in d ic a te s  r e v e r s ib le  ad ­
so rp tio n . The n o n - l in e a r i ty  o f polymer ad so rp tio n  iso therm s is  
due to  a c o o p e ra tiv e  e f f e c t .  In  column AC, th e  e lu t io n  volume 
o f p o ly ( s ty r e n e - c o - a c r y lo n i t r i l e )  samples was found to  v ary  a c ­
co rd ing  to  th e  a c r y l o n i t r i l e  c o n te n t.
INTRODUCTION
As e a r ly  as 1936, MARK and SAITO (1) f i l t r a t e d  s o lu tio n s  o f 
c e l lu lo s e  a c e ta te  in  ace tone  through columns packed w ith  c h a r­
coal and is o la te d  f r a c t io n s  from d is in te g ra te d  zones o f th e  
packing by e x tra c t in g  w ith  d ioxane. But on ly  a few papers d e a l­
ing  w ith  th e  a d so rp tio n  chrom atography (AC) o f polym ers were 
p u b lish ed  during  a p e rio d  o f  about 30 y ears  a f t e r  th i s  in c e p ­
t io n .  In  1968, BELENKIJ and GANKINA (2) as w ell as INAGAKI (3) 
indep en d en tly  perform ed th in - la y e r  chrom atographic s e p a ra tio n s  
o f  copolym ers. T heir p u b lic a tio n s  s tim u la te d  a g re a t  number o f 
su c c e s s fu l TLC in v e s t ig a t io n s  o f v a r io u s  problem s concern ing  
polymer s iz e ,  com position , and a r c h i te c tu r e .  During th e  l a s t  
decade, numerous e x c e lle n t  b a se lin e  s e p a ra tio n s  o f  oligom ers 
were ach ieved  by means o f h igh  perform ance column chrom atography 
u s in g  e i th e r  re v e rse d  phases (4-13) o r b are  s i l i c a  (14-21) as 
a packing m a te r ia l .  S ep ara tio n s  o f th i s  k ind  were ach iev ed  fo r  
low -m olecular p o ly -s ty re n e  (4, 5, 6, 14, 15, 16) and poly(m ethyl 
m e th a c ry la te )  (1 7 ), fo r  p o ly (e th y le n e  ox ide) (7 , 8, 9 ), po ly - 
- (e th y le n e  te re p h tb a la te )  (18, 19), polyam ide 6 (20 ), fo r  epoxy 
r e s in s  (10, 11, 12), and p o ly e s te r s  (13 ). KLEIN and LEIDIGKEIT
(21) even s p l i t  up a m ix tu re  o f  some p o ly s ty re n e  (PS) samples
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(w ith  m olar mass v a lu es  rang ing  between 2000 and 2000,000 g/m ole) 
by means o f AC.
These r e s u l t s  a re  r e a l ly  rem arkable because th e  a d so rp tio n  
iso therm s o f polym ers a re  known to  be ex trem ely  n o n - lin e a r .  They 
e x h ib it  a p seudop la teau  reg io n  which v i r t u a l l y  covers th e  whole 
c o n c e n tra tio n  range o f i n t e r e s t .  C a lc u la tio n s  perform ed by FLEER 
and SCHEUTJENS (22) dem onstrate  th a t  th e  pseudop la teau  extends 
to  very  low c o n c e n tra tio n s . I t s  t r a n s i t i o n  in to  th e  Henry r e ­
gion (w ith  th e  amount adsorbed p ro p o r tio n a l to  th e  c o n c e n tra tio n  
o f th e  so lu tio n )  occurs a t  a c o n c e n tra tio n  which i s  th e  sm alle r 
th e  h ig h e r th e  m olar mass o f th e  polym er. For chains o f on ly  a
hundred segm ents, th e  c r i t i c a l  volume f r a c t io n  i s  even as sm all 
-25as 10 ' . This means th a t  s o lu tio n s  which co n ta in  more than  one 
chain  m olecule in  about 100 1 so lv en t e x h ib it  an a d so rp tio n  which 
i s  n e a r ly  in s e n s i t iv e  to  a change in  c o n c e n tra tio n . At a very  
low c o n c e n tra tio n , th e  ad so rp tio n  co n s tan t i s  ex trem ely  la rg e , 
bu t in  th e  normal range o f c o n c e n tra tio n s  i t s  d i f f e r e n t i a l  value  
i s  no t f a r  from zero . As only  a f i n i t e  va lu e  o f th e  d i s t r i b u t io n  
co n s tan t which does no t vary  too much w ith  c o n c e n tra tio n  enab les 
th e  chrom atographic p rocess to  be perform ed in  a common manner, 
th e  AC o f polymers w i l l  c e r t a in ly  no t work under c o n d itio n s  em­
ployed in  s t a t i c  a d so rp tio n  measurem ents. Only under c a r e fu l ly  
s e le c te d  c o n d itio n s  can rea so n ab le  v a lu es  o f  polymer r e te n t io n  
be reached . The ad so rp tio n  energy o f th e  s o lu te  must be balanced  
w ith  th e  ad so rp tio n  energy o f the  so lv e n t, and th e  s o lv e n t /s o lu te  
in te r a c t io n  energy.
INVESTIGATION INTO THE BEHAVIOUR OF MACROMOLECULES IN ADSORPTION 
CHROMATOGRAPHY
Tne behaviour o f low -m olecular s o lu te s  in  AC can be described  
u sing  the  equ a tio n  given by SNYDER (23):
log K+ = log Va + a A(S° - Ag . e ° )  (1)
K+ : a d so rp tio n  c o n s tan t o f th e  so lu te
Va : volume o f a monomolecular la y e r  o f  th e  so lv en t
on th e  su rfa c e  o f th e  adso rben t (" su rfa c e  volume")
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a A: a c t i v i t y  o f th e  adsorben t < 1
S° : ad so rp tio n  energy o f th e  s o lu te
Ag: su rfa c e  a rea  covered by a s o lu te  m olecule
e ° :  a d so rp tio n  energy o f th e  so lv en t
Among th e  p r e r e q u is i te s  fo r  th i s  form ula i s  th e  need fo r  the  
r e v e r s i b i l i t y  o f th e  a d so rp tio n  p ro c e ss . I f  i t  can be proved 
th a t  th e  SNYDER equ a tio n  a lso  holds t ru e  fo r  polymers th i s  would 
in d ic a te  th a t  m acrom olecules a re  r e v e r s ib ly  f ix e d  under th e  con­
d i t io n s  o f  AC. In  o rd e r  to  perform  th i s  t e s t ,  we looked fo r  c i r ­
cum stances capab le  o f ba lan cin g  K a g a in s t V . The su rfa c e  vo- 
-2 3 alume i s  about 10 cm / g. C onsequently , th e  ad so rp tio n  c o e f f i ­
c ie n t  must a lso  be sm all. In  TLC m easurem ents, th i s  c a l l s  fo r  
h igh  v a lu e s . We choose R£ = 0 .7 , which i s  c e r ta in ly  s t i l l  on 
th e  sa fe  s id e  as concerns th e  volume p r o f i l e  on th e  p la te .  In 
TLC w ith  pure so lv e n ts , polymers e i th e r  rem ain a t  th e  s ta r t in g  
spot or run w ith  th e  so lv en t f ro n t .  B inary m ix tu res o f a s tro n g  
so lv en t (R£ = 1) and a weak one (R£ = 0) a lso  e x h ib it  th e  one 
o r th e  o th e r  extrem e behaviour in  n e a r ly  th e  whole range o f 
p o s s ib le  com positions. The t r a n s i t io n  from R^ = 0 to  R^ = 1 
tak es  p la ce  in  a r a th e r  narrow  range. We in v e s t ig a te d  6 p o ly ­
mers in  3 com binations o f s tro n g  and weak so lv e n ts  and ob ta in ed  
th e  r e s u l t s  shown in  F ig . 1 (24 ). The a b sc is s a  in d ic a te s  th e  
e M value  o f the  m ix tu re  as c a lc u la te d  from th e  com position and 
e 0 v a lu es  o f th e  pure components. The which corresponded 
to  R£ = 0 .7  were ev a lu a ted  by in te rp o la t io n  from th e se  cu rves. 
These experim en tal d a ta  were averaged s e p a ra te ly  fo r  each in ­
d iv id u a l polymer and p lo t te d  v s . S°/Ag. The l a t t e r  were c a lc u ­
la te d  fo r  th e  re s p e c t iv e  polymer by th e  increm ents g iven by 
SNYDER (23). The s tra ig h tfo rw a rd  p lo t t in g  scheme fo llow s from 
Eq. (1) i f  log K+= log V •
a.
0 = a A(S° - As . e °) (2)
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Fig . 1
TLC r e s u l t s  from 6  polymers on s i l i c a  u sing  
th e  b in a r ie s  te trach lo ro m eth a n e /d io x an e  (o) 
to lu e n e /a c e to n e  ( • )  , and to lu e n e /e th y la c e ta te  
( x ) . PC: po lycarb o n a te ; PBMA: p o ly (b u ty l m etha­
c r y la te ) ;  a MSAN: poly  ( a m e th y l-s ty re n e -c o -  
- a c r y l o n i t r i l e )  , about 46 mole °L AN; SAN: p o ly - 
- ( s ty r e n e - c o - a c r y lo n i t r i le )  , about 38 mole °L 
AN; PMMA: poly(m ethyl m e th a c ry la te ) ; CA: c e l lu ­
lo se  t r i a c e t a t e  (24 ).
In  th i s  case , th e  a c t i v i t y  a ^ o f th e  adso rben t does no t m at­
t e r ,  and th e  S°/As v a lu es  can be c a lc u la te d  fo r  an a r b i t r a r y  
p a r t  o f th e  polymer ch a in , fo r  in s ta n c e  sim ply fo r  one re p e a tin g  
u n i t .  The s t r a i g h t - l i n e  in  F ig . 2 in d ic a te s  th e  e q u a l i ty  of 
S°/Ag and e M> fo llow ing  from the  SNYDER equ a tio n  under the  
c o n d itio n  given in  Eq. (2 ) .
F ig . 2
E va lu a tio n  o f r e s u l t s  
from F ig . 1 accord ing  to  
Eq. (2 ) . The p o in ts  c o r ­
respond to  th e  polymers 
PS, PC, PBMA, a MSAN, SAN, 
PMMA, CA (from l e f t  to  
r ig h t )  (29)
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The p o in ts  obv io u sly  ag ree  w ith  th i s  l in e ,  thus confirm ing  th e  
SNYDER form ula as w ell as th e  r e v e r s i b i l i t y  o f th e  a d so rp tio n . 
Modern th e o r ie s  o f polymer ad so rp tio n  a lso  s t a t e  r e v e r s i b i l i t y ,  
though th e  m acrom olecules cannot be removed from th e  su rfa c e  
by d i lu t io n .  What i s  r e v e r s ib le  i s  th e  ad so rp tio n  p ro cess  o f 
any s in g le  segment. Linked to  i t s  ne ig h b o u rs , i t  cannot escape 
from th e  su rfa c e  and w i l l  more l i k e ly  be readso rbed  than  being 
so c lo se  to  th e  su rfa c e  u n t i l  th e  o th e r  segments o f th e  adsorbed 
t r a i n  a re  e v e n tu a lly  a lso  desorbed . I t  i s  a k ind  o f c o o p e ra tiv e  
e f f e c t  which makes a m acrom olecule unab le to  leav e  th e  ad so rp ­
t io n  la y e r .  On th e  o th e r  hand, i f  m acrom olecules a re  capab le  o f 
m ig ra tio n  in  AC tech n iq u e  th ey  w i l l  c e r t a in ly  n o t touch th e  
su rfa c e  w ith  a g re a t  many segm ents. In  o rd e r to  in v e s t ig a te  t h i s ,  
we re -a rra n g e d  Eq. ( 1 ) . :
In  K = - - H  = 2.3 log (K*/V ) = 2.3 a A (S° - A„. e °) (3) kT a A b
The d e r iv a t iv e  r e a d s :
d ln  K
d e o
2 . 3  a a  • Ag (4)
F igure  3 re p re s e n ts  experim en ta l r e s u l t s  which BELENKIJ e t  a l .
(25) have o b ta in ed  in v e s t ig a t in g  p o ly s ty re n e  s tan d a rd s  by means 
o f  TLC on s i l i c a  w ith  developing  m ix tu res o f cyclohexane, ben­
zene, and ace to n e . The co n ten t o f  th e  s tro n g  so lv e n t ace tone was 
v a r ie d  from 1 .5  to  2 .8  p a r ts  in  m ix tu res w ith  56 p a r t  o f th e  
weaker components. At h igh v a lu es  o f e t h e r e  i s  no ad so rp ­
t io n ,  and th e  m ig ra tio n  o f th e  v a rio u s  PS probes i s  governed 
by an ex c lu s io n  mechanism. The AC tak es  p la ce  in  th e  re g io n  
below th e  in te r s e c t io n  p o in t a t  e ^  = 0 .246 . Here, the  ex ­
p e rim en ta l r e s u l t s  can be re p re se n te d  by s t r a ig h t  l i n e s ,  the  
s lo p e  o f which g ives th e  d e r iv a t iv e  expressed  by Eq. (4 ) . (For 
num erica l e v a lu a tio n , th e  p r o p o r t io n a l i ty e  g^Q = 0.77 £ ^  q 
must be taken  in to  a c c o u n t.)
27
W  kT
F ig .3 .
TLC r e s u l t s  o b ta in ed  w ith  
5 PS S tandards u sin g  mixed 
e lu e n ts  on s i l i c a .  P lo t o f 
- ln  K = A F/kT v s . e ^ A l^ O n ), 
acco rd ing  to  BELENKIJ e t  a f . 
(25)
These d a ta  and th e  m olar mass o f  th e  samples a re  com piled 
in  Table 1. For a f i r s t  approxim ation  we took  = 1. Thus th e  
d a ta  in  column 2 can be understood  as th e  su rfa c e  a rea  covered 
by th e  segments o f one m acrom olecule. For one s ty re n e  u n i t ,  Ag 
amounts to  6 .7 . The f ig u re s  in  th e  th i r d  column in d ic a te  how 
o f te n  6.7 i s  co n ta in ed  in  th e  Ag v a lu e  o f th e  m ig ra tin g  PS sample.
Table 1
Slope o f  th e  s t r a ig h t  l in e s  in  F ig . 3, and conc lu sio n s
M
g/m ole
d( A F/kT) c o n ta c tin g  
s ty re n e  u n its  
per chain
s ty re n e  u n i ts  
per c o n ta c t2 -3 d e S i02
19600 6.35 1 200
49000 19.1 3 165
96200 35.6 5 175
164000 57.6 9 185
392000 158.2 24 160
From th i s  rough approx im ation , i t  can be concluded th a t  macro­
m olecules a re  absorbed w ith  no more than  1 ?0 o f t h e i r  re p e a tin g  
u n i t s  under th e  c o n d itio n s  o f AC.
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SEPARATION OF COPOLYMERS ACCORDING TO CHEMICAL COMPOSITION
S ep ara tio n  accord ing  to  m olar mass w i l l  c e r ta in ly  no t become 
th e  main ta sk  fo r  polymer AC, because h ere  th e re  a re  e f f e c t iv e  
co m p e titiv e  methods, as fo r  in s ta n c e  SEC. The chem ical composi­
t io n  d i s t r i b u t io n  (CCD) o f copolymers has been an im portan t aim 
o f many TLC in v e s t ig a t io n s .  By column AC on s i l i c a ,  TERAMACHI 
e t  a l .  (26) f r a c t io n a te d  copolymers o f s ty re n e  and m ethyl a c ­
r y la t e  (MA). They found re te n t io n  in c re a s in g  w ith  MA co n ten t 
u s in g  a l in e a r  g ra d ie n t o f m ethyl a c e ta te  (7 to  35 vol.% ) in  
CC1,. Employing in te r n a l  s ta n d a rd s , th e  au th o rs  were ab le  to  
convert th e  e lu t io n  curve in to  th e  curve o f CCD, but in  re p e a te d  
experim ents a l l  th re e  copolymer samples (46 .6 ; 57 .3 ; 77.9 mole 
% MA) were m ostly  e lu te d  w ith  a lower co n ten t o f  m ethyl a c e ta te  
than  in  th e  p reced ing  ru n s . DANIFLEWICZ and KUBIN (27) i n v e s t i ­
ga ted  p o ly (s ty re n e -c o -m e th a c ry la te )  sam ples. They employed a 
g ra d ie n t o f te tra h y d ro fu ra n  (THF, 3 to  20 %) in  d ic h lo ro  ethylene. 
A fte r  each run , they  flu sh ed  th e  s i l i c a  in  th e  column by a t  le a s t  
10 column volumes o f pure THF and o b ta in ed  re p ro d u c ib le  r e te n ­
t io n  v a lu e s . Block copolymers o f s ty re n e  and m ethyl m e th ac ry la te  
were in v e s t ig a te d  by BELENKIJ (28). The abso rben t was s i l i c a ,  
th e  so lv e n t d ic h lo ro  methane w ith  in c re a s in g  amounts o f m ethanol 
added.
We investigated the behaviour of poly(styrene-co-acrylo- 
nitrile) in a silica column with THF in hexane.
MATERIAL AND METHODS
Copolym ers: The specimens were polym erized in  bulk  w ith  azo b i -  
s i s o b u ty r o n i t r i l e  as an i n i t i a t o r .  The p o ly m eriza tio n s  were 
perform ed in  sea le d  ampoules which were shaken in  a w ater ba th  
o f 60 °C. A fte r  conversion  up to  5 - 10 %, th e  r e a c t io n  was 
stopped by co o lin g  th e  ampoules and p u ring  th e  r e a c t io n  m ixture 
in to  s t i r r e d  m ethanol. A ll th e  polymers r e - p r e c ip i ta te d  tw ice 
and d r ie d  under vacuum a t  60 °C. Table 2 g ives d a ta  o f th e  sp e ­
cimens used .
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Table 2
S ty r e n e /a c r y lo n i t r i l e  copolymers in v e s t ig a te d
; ample
a c r y l o n i t r i l e
co n ten t Mosm
7o per mole g/moli
D68 7.9 244000
D47 27.4 325000
D55 37.8 297000
D38 59.4 340000
S o lv e n ts : T e trah y d ro fu ran , a n a ly t ic a l ly  p u re , was s to re d  w ith
KOH fo r  24 hou rs, re f lu x e d  w ith  Na fo r  2 hours and d i s t i l l e d .  
n-Hexane, a .p . ,  as su p p lied  by E. MERCK, D arm stadt.
For use as e lu e n ts ,  bo th  so lv e n ts  were mixed w ith  0 .5  °L 
m ethano l.
HPLC a p p a ra tu s : HP 1080A (H ew lett Packard) w ith  UV d e te c to r  
(254 nm). Column: 0,25 m long , 4 .6  mm I .D .,  w ith  L iC h ro s p h e r^
SI 100, dp = 10 jam. Flow r a te :  2 m l/m in. G rad ien t e lu t io n  w ith  
THF (20 to  90 7o) in  hexane.
Sample i n j e c t i o n : 50 ;ul o f s o lu tio n s  c o n ta in in g  0 .4  g /1  p o ly ­
mer in  THF.
RESULTS
The chromatograms u s u a lly  s ta r te d  w ith  two sharp peaks, th e  f i r s t  
o f which was due to  some u n re ta in e d  polym er, th e  o th e r  to  th e  i n ­
je c t in g  s o lv e n t. The e lu t io n  volume o f th e  r e ta in e d  polymer v a­
r ie d  accord ing  to  i t s  a c r y l o n i t r i l e  c o n te n t. F ig . 4 g ives some 
exam ples. As hexane i s  a n o n -so lv en t fo r  th e  copolymers in v e s ­
t ig a te d ,  the  runs began w ith  th e  p r e c ip i ta t io n  o f  th e  polym er. 
This happened w ithou t b u ild in g  up an a d d i t io n a l  flow  r e s is ta n c e .  
The p re s su re  change du ring  th e  runs only  re p re se n te d  th e  in c re a se  
in  v i s c o s i ty  due to  th e  t r a n s i t i o n  from 20 to  90 °L THF. There was 
no in f lu e n c e  from th e  polymer in je c te d .
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Fig . 4
UV reco rd  a t  254 nm a f t e r  
in je c t io n  o f 20 j/ig SAN co­
polymer .
Upmost t r a c e :  a c e o tro p ic  
copolymer w ith  37.8 % AN, 
o th e rs :  m ix tu res o f two 
samples each, AN co n ten t 
in d ic a te d
The d e liv e ry  o f a c e r ta in  polymer specimen from th e  column 
always took p lace  a t  a c e r ta in  THF co n ten t which corresponded to  
th e  THF co n ten t in  a p r e c ip i ta t in g  m ix tu re . From th i s  i t  can be 
concluded th a t  th e  mechanism is  s o lu b i l i ty  determ ined
DISCUSSION
Adsorbed polymers cannot be removed from th e  su rfa c e  by d i lu t io n ,  
though th e  a d so rp tio n  is  r e v e r s ib le  fo r  any segment. The d eso rp ­
t io n  o f macrom olecules w i l l  e a s i ly  advance i f  a com peting sub­
s tan ce  w ith  a h ig h e r le v e l  o f a d so rp tio n  energy i s  added. This 
substance w ill  tak e  over every  a d so rp tio n  s i t e  as soon as i t  i s  
l e f t  by th e  polymer segment fo r  a moment. So ta k in g  advantage o f 
th e  dynamics o f a d so rp tio n  and d e so rp tio n  s te p s ,  th e  s tro n g e r  
so lv en t or polymer d isp la c e s  th e  sp ec ie s  adsorbed . From th i s  i t  
can be deduced th a t  g ra d ie n t e lu t io n  should be th e  p re fe r re d  
mode o f polymer ad so rp tio n  chrom atography. Indeed, th i s  i s  c l e a r ­
ly  r e f le c te d  by th e  l i t e r a t u r e .
In  some TLC work, no e f f o r t  was taken  to  produce any g ra ­
d ie n t ,  but th i s  need no t mean th a t  th e  s e p a ra tio n  proceeded is o -
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c r a t i c a l l y .  In  TLC w ith  mixed e lu e n ts  th e re  a re  s e v e ra l p o s s i ­
b i l i t i e s  o f e s ta b l is h in g  a spontaneous g ra d ie n t:  v ia  th e  vapour 
phase, by demixing du ring  th e  run due to  d i f f e r e n t  v e lo c i ty  char 
a c t e r i s t i c s ,  o r acco rd ing  to  a d if fe re n c e  in  e lu o tro p ic  strength 
Such a hidden g ra d ie n t can be r a th e r  m eaningful in  polymer s tud  
ie s .  In  th e  l i t e r a t u r e  th e re  a re  r e p o r ts  on th e  f a i l u r e  o f is o -  
c r a t i c  column AC ru n s , which were seem ingly perform ed under th e  
same c o n d itio n s  as su c c e s s fu l TLC s e p a ra t io n s .
T ru ly  i s o c r a t i c  a d so rp tio n  chrom atography o f polym ers can 
only  work on c o n d itio n  o f a n e a r ly  com plete balance  between ad ­
so rp tio n  fo rc e s  and so lv in g  power. F ine examples o f such d ifficu lt 
work a re  th e  o ligom er se p a ra tio n s  re p o r te d  by EISENBEISS e t  a l .
(15) and by KNOX and McLENNAN (16).
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The size and shape of molecules are considered as important factors in the 
molecular interactions involved both in structure-activ ity  relationships in 
medicinal chemistry and in the behaviour of molecules during chromatographic 
separation processes.
One of the parameters successfully used in QSAR studies is  the molecu­
la r connectivity index (1 , 2 )-a topological parameter that quantitates various 
structural features, such as: size, branching, cyclization, unsaturation and 
heteroatom content of the molecule, ’’here are different types and orders of 
th is  parameter widely used for the correlations and predictions of chro­
matographic data (3-5).
Another parameter describing the molecule is  the Van der Waals volume
(6 ) also used in QSAR studies (7,3).
These parameters are represented by the expressions:
1 VX
N= 2 -| S=1 ( 6 i  6 j )
vw
<>*wII + EC
where  ^ x V is  the f i r s t  order valence molecular connectivity index, N 
the to ta l number of bonds in the molecule, 6  is  a value corresponding to 
the difference between the number of valence electrons and the number of 
hydrogen atoms attached to i- th  and j- th  atoms, respectively, is  the 
Van der Waals volume of the molecule, is  the spherical volume of the 
atom calculated from i t s  Van der Waals radius and C is  the correction of 
Van der Waals volume of the atom for sphere overlapping due to covalent 
bonding and for branching (7).
The relation of molecular connectivity to molecular volume and
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biological activ ity  was recently studied by Hall and Kier (9).
We wanted to study the application of these molecular parameters and 
the ir predictive value for the correlations with chromatographic data of 
barbituric acid derivatives represented by the formula:
Rx = H, CH3
R2 , = aliphatic and
cyclic hydrocarbon 
substituents
The data for these studies were taken from the lite ra tu re  and a part 
of the resu lts dealing only with the connectivity indices was recently 
published (10). The studies reported here include the correlations of 
chromatographic data with the Van der Waals volumes and the comparisons 
between these parameters.
The following numbers of data sets and the following chromatographic 
parameters were used for the correlations:
paper chromatography - 18 - Rp and R^
thin-layer - 1 2  - and R^
chromatography
gas chromatography - 52 - I , t R and log t R
high-performance _ 2 4  _ k; log k; ^  log t
liquid chromatography
Barbituric acid derivatives were subdivided into 4 groups as follows:
group A - aliphatic saturated substituents at 
group B - A4- aliphatic unsaturated substituents at
group C - B + N-methyl disubstituted compounds with 
aliphatic and cyclic /including aromatic/ 
substituents
group D - C 4 cyclic substituents at
The correlations were carried out by the least squares method according to
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t h e  e q u a t i o n s :
y = a 1 x V + b
y = a Vw + h
where y is  the chromatographic parameter,  ^ y v is  the f i r s t  order valence 
connectivity index, is  the Van der Waals volume of the molecule and a 
and b are the slope and the intercept of the straight line, respectively.
The resu lts of correlations are exemplified by those for HPLC data 
presented in Table 1.
Table 1
Correlation coefficients for HPLC chromatographic data of barbiturates
% of correlations
A B C D A B C D
> 0.99 42 21
0.95 0.99 17 25 8 29 29 8
0.90 0.94 41 29 29 4 42 25 33 8
0.80 0.89 33 38 13 4 25 50 42
0.70 0.79 13 25 50 4 13 4 42
0.60 0.69 25 4 4 4
0.50 0.59 8 4 4
95% 79 100 100 100 79 92 96 96
confidence level
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CO Table 2
Correlation coefficients for X
v vs Vw parameters
r
PC TLC GC HPLC
A B C D A B C D A B C D A B r D
1 * v 12 6 11 44 39 54 65 83 12 58 50 17 4 37 58 88
l x v > \ 63 83 89 45 40 46 35 15 50 31 38 81 58 38 33 8
h-* < ii ** 25 11 - 11 21 - - 2 38 11 12 2 38 25 9 4
Table 3
Significance of correlation coefficients for  ^ x  V vs parameters
PC TLC GC HPLC
A B c D A B C D A B C D A B C D
% > 1 x V - - - 11 6 47 50 71 4 29 21 12 - 4 21 42
l x v  vw 25 50 67 28 26 33 31 7 33 11 15 46 33 25 8 8
>*II
>
75 50 33 61 68 20 19 22 63 60 64 42 67 71 71 50
}  better than
The resu lts  for other chromatographic techniques, taking into account 
the significance of correlation coefficients, were less satisfactory and the 
worse were those for TLC. Tie dispersion of correlation coefficients for the 
subgroups of compounds was similar for a l l  chromatographic techniques.
The comparisons of the u t i l i ty  of molecular connectivity indices and 
Van der Waals volumes for the correlations of chromatographic data of 
barbiturates were made in terms of correlation coefficients and the ir 
significance. The resu lts  are presented in Tables 2 and 3 as the percentage 
of correlations where the connectivity index yields better, equallv good or 
worse resu lts  than the Van der Waals volume.
From Table 2 i t  can be seen that the correlation coefficients are 
better, the same or worse using rhe connectivity index or Van der Waals 
volume, depending on the chromatographic technique but also on the struc­
tu ral subgroups of barbiturates. No defin ite advantage of one parameter 
over the other can be deduced from these data.
The significance levels of correlation coefficients are generally 
better for the connectivity index for paper chromatographv but worse for 
TLC for almost a l l  subgroups. No equivocal resu lts  were obtained for GC 
and HPLC and quite often the significance levels were the same.
When we assume 95 °L confidence level as a certain estimate of the 
quality of correlation coefficients and look on the percentage of these 
coefficients that are a t or above that level for each parameter, i t  is  
evident that the majority of the data are correlated reasonably well using 
both parameters /Table 4/.
I t  follows from these resu lts  that both molecular connectivity indices 
and Van der Waals volumes may be used for correlations of chromatographic 
data when a good quality of these data is  achieved.
One can search for better correlations purposely changing various 
parameters of chromatographic separation processes and trying to find those 
essential for that "good quality” . Another approach implies multiparameter 
correlations using higher order connectivity indices, or an introduction of 
other parameters describing the chromatographic process or simply a change 
in the rules of calculation of the topological index. This la s t case may 
be illu s tra ted  by the work of Stead e t a l. (11). They tried  to correlate 
gas chromatographic retention data for 5 ,5-bisubstituted barbiturates using 
the standard f i r s t  order valence connectivity index and found good cor­
relations in the subgroups with similar substituents. The whole set of data, 
hovewer, vas much better correlated by the modified f i r s t  order valence
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connectivity parameter  ^ x The calculation rules of that parameter were 
identical as those for the classical f i r s t  order valence connectivity index 
for saturated aliphatic substituents but different treatment was proposed 
for unsaturated and cyclic substituents.
Table 4
Percentage of correlations with r  a t 95 X  confidence level for v 
and/or V^j
i
PC TLC GC HFLC
a 95 % A B C D A B C D A B C D A B C D
VW - - - - - 14 7 35 2 2 7 3 - - - -
X 12 6 11 6 4 - - - 4 - 3 8 4 8 4 4
*-vw 0
0 00 94 89 94 96 86 93 65 94 98 90 89 96 92 96 96
We studied the application of th is modified connectivity index for 
correlations of 25 sets of chromatographic data of barbiturates and compared 
the resu lts  with those obtained by us for classical  ^ x V values. The 
resu lts are shown in Table 5 as the number of correlations better for each 
molecular connectivity parameter.
Table 5
Number of correlations for  ^ x V vs xj^ parameter
PC TLC GC HPLC
1 V X better than Lxv 6 8 - 6
l xv
N better than
l xv - - 5 -
From these results it follows that the modified valence connectivity index 
* ^  yields better correlations only for the GC technique, while the liquid 
chromatography data are better correlated by the classical valence con­
nectivity indices.
One may guess that the advantage of one connectivity index over the
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other for these chromatographic techniques should be a reflection of d if­
ferences between the separation processes when gas or liquid phases are in­
volved, but further research is  needed to validate th is hypothesis. In con­
clusion, the molecular connectivity indices and Van der Waals volumes may 
be useful in describing the interactions between member molecules of one 
family and the stationary phases, but the valid ity  of such correlations 
depends on the quality of chromatographic data and on the structural para­
meters employed.
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SUMdARY
In order to express the performance of simple separation processes two sets 
of efficiency parameters are introduced and the ir relationship is  discussed 
and illu s tra ted  graphically. The treatment is  applied to both binary and 
multicomponent separations involving single stage and multistage processes 
and i t  leads to a general comparison of the effectiveness of various separ­
ation systems. In particular, th is  approach is  used to analyze the e f f i ­
ciency of separation by displacement chromatography when certain simplifying 
conditions hold. I t  is  shown that with multicolumn systems the recycling mode 
of operation yields the highest ra te  of production.
INTROnUCTinw
Ihe recent renaissance of displacement chromatography stems fron the possi­
b il i ty  of carrying out preparative scale separations with columns and in­
strumentation employed in analytical HELC (1,2). Unlike in conventional 
elution chromatography, the feed concentration is  high in th is technique and 
the mixture is  not separated into bands of the individual components that 
move with different velocities through the column but into adjacent zones, 
a l l  moving with the same velocity determined by that of the displacer front 
(3,4). Whereas the separation efficiency in elution chromatography has 
profusely been treated in the lite ra tu re , no such treatment has been put 
forward for displacement chromatography.
In th is  report a general framework is  given for the characterization 
of the effectiveness of separation processes. The resu lts  are applied to 
displacement chromatography to express i t s  efficiency and to find the type 
of multicolumn arrangement that yields the highest ra te  of production.
45
EFFECTIVENESS OF SEPARATION PROCESSES
Purification
The schematics of a simple separation, purification process is  depicted 
in F ig .l. The material balance is  expressed by
x = x + Zi0 / l /p -x.
where x, x and x, are the amounts of feed, pure product and unresolved 
P
mixture, respectively, and the following inequalities apply
0 x,
0 XP
0 XÄ
é=
x.
The effectiveness of the above separation process w ill be charac­
terized by types of parameters. The f i r s t  type takes into account both input 
and output. The effectiveness of the separation is  expressed by the yield 
of pure product, e, as
e = xp/x /2a/
whereas the ineffectiveness of the separation, i ,  is  defined as
i  = Xß / X
Thus t
/2b/
e = x/ (xp + X,, ) = (x - x^ ) / x
and
/3a/
i  = xa /(xp + x4 ) = (x - xp)/x  
Material balance yields the relationship
/3b/
e + i  = 1
with the following inequalities 
0 e ^~1,
0 í r  i  fsrl •
/4/
The other type of performance characteristics is  based 
only. The separation effectiveness ra tio  is  defined as
on the output
e = XP 1 x*
where the separation ineffectiveness ra tio  is  expressed by
/5a/
' xp
I t  follows from the material balance that
/5b/
e  = Xp / ( x - Xp) = ( x - x& ) /  Xj, /6a/
and id = (x - Xp) /  x = x^ / (x - x^ )
Combination of eq. 5a and 5b gives that
/6b/
i—)II30) H I
46
and the pertinent inequalities are
0 a- e At 4- co 
0  4 -  CO A— 4 ‘ oo
The effectiveness and ineffectinevess ra tio s can be expressed by the yield 
and the ineffectiveness of the process as
e = e / i  /8a/
and
oo= i/e  /8b/
A graphical illu s tra tio n  of the relationship between the above para­
meters is  given in Fig.2. The efficiency of the process is  represented by 
points in the effectiveness - ineffectiveness space on a straight line, 
i  = 1-e, according to eq. 4 and the appropriate inequalities.
The "effectiveness line" can be scaled to become the locus of the 
parameterse and w , since a t the point M (l/2,l/2) they are equal to one, 
a t B/0,1/ e = 0 andai = +  °° , whereas a t G/1,0/ e = +  «»and oo = 0 .
Accordingly the points B, M and G represent poor, intermediate and 
complete separation, respectively. For any a rb itra rily  chosen point P /e .i/ 
the above parameters can be expressed as
e = e / i  = tg ß = ctg a /9a/
and
oo = i/e  = ctg ß = tg a /9b/
feed x
Separati on 
Systems
product Xp 
loss X,
Fig .l. Schematics of a simple purification system
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Fig.2. Graphical illu s tra tio n  of the relationship between 
the measures of separation efficiency
Multicomponent separations
The four measures of separation efficiency or inefficiency can be 
applied to multicomponent separations as well. They can be defined for any 
component j  as follows:
= x^  p / *3 /10a/
iJ = x-^
l
/ /10b/
eJ = <J / i j /10c/
J  = i l / e1 /10d/
alternatively they can be written for the entire mixture containing s
components as sz: Jto ta le . jzL _ X  / X /11a/S PX.
j-1 J
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X n 
X'k
X'2
X1 1 n
n
2 *21 ■ Xk-1l k * k l • - • *n-1l
X-IP X2P X kp X np
Fig.3. Schematics of a multistage separation process
x+ (n-1) • ex
n - s t a g e  ------------ _  n • xp
s e p a r a t i o n
sy s t em  ------------_  x
Fig.4. General representation of multistage separation systems
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s
£  ,3
.to ta l  _ J | 1 ------ ^  /  x /n b /
£  Xj
> 1
e to ta l = g to ta l/ .to ta l / l lc /
„ to ta l  _ .to ta l ,  to ta l ,,“ = 1  / e / l id /
Multistage systems
In order to extend the scope of the above treatment to multistage 
separation processes such as the recycling system shown in Fig.3. the 
following assumptions are made. The feeds are additive, i .e . ,
xk = xk + xk - u  /12a/
the feeds are equal, i . e . ,
* 1  = x 2  ••• = Xj^  = . . .  xn = x / 1 2 b/
and the stage effectiveness is  invariant, i . e . ,
el  = e 2  = ••• ®k" ••• = en = e /12c/
and that e is  not unity.
From eq. 12a-12c i t  follows that
X-, = x0  = . . .  = x, = . . .  = x = x /13a/lp 2 p kp np p '
x, = x0  = . . .  = x, = . . .  x = x /13b/
h. 2i k t nj, t
x£ = . . .  = x£ . . .  = x^ = x ’ /13c/
where
xp = e,x /13d/
and
x ’ = xp = e, x /13e/
A simplified schematic representation of a multistage /recycling/ 
separation system is  shown in Fig.4. The pertinent performance measures 
e /k/ and u /k/ are given by
e /k / -  k ' e /14a/
and
J k/ = a, /k /14b/
where the stage number k goes fron one to n.
Equs 14a and 14b lead to the following expressions for yield and 
separation ineffectiveness as
e 1
1 + ope}
1
i  +  i r
/16a/
1 = 1 
1 + e [ k ]  1 + k ‘ e
/16b/
The calculation of these parameters can also be carried out by the re ­
cursive relationships:
e [k] =
1 + k-e
W = T J 2
1 +- k-1
(k-1)'
1
e
/17a/
1 + (k-2) i  
1 + ( k-1) i
where k goes from 2 to n.
/17b/
Fig.5. Effectiveness and ineffectiveness in multistage separations 
as a function of the number of stages
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The dependence of the efficiency parameters on the number of stages 
is  illu s tra ted  in Fig.5. As in the case of single stage processes discussed 
previously the effectiveness parameters for multistage separation systems 
can be defined either for a key component or for the to ta l mixture.
DISPLACEMENT CHRCWATOGRAPHY
Typical resu lt of the separation process are illu s tra ted  by the chro­
matogram in Fig.6. The individual components emerge from the column as 
o v e rly in g  bands of pure products in the carrier. Thus between each com­
ponent j and j + 1 there is  a mixed zone np i '  ^ the amount of which is  given 
by
nPj+1 = KÍÍ+1 + /18a/
where x ij+1 and x^+1J are the unresolved amounts of the above two components, 
respectively.
For component j  the amount of recovered pure product is  x^ and the 
unresolved amount of th is  component is  given by
xJ = 1 + xij+1 /1.8b/
where xÜ ’  ^ and x ii+1 are the ta i l  and front of band j in the mixed zone, 
respectively, and can be evaluated from the chromatogram.
I f  these data are not available, i .e .  the ta i l  and front ends are 
not known for each zone, we may assume that they are equal to
xj j - l  + xjj+1 _ x i-y  + xi+1i = /19a/
I t  follows from equs 18a and 19a that
x i- l j  + x i i '1 + xÍÍ+Í*+ i +1i = 2 ^  /19b/
that is
mi l j  + mii+l  _ 2 ^  /19c/
or
x i = j  ( mi 1Í  + mű"1"! ) /1 9 d /
with the values of x^ and a t hand the effectiveness of displacement 
chromatography can be measured by the parameters defined above. In many 
instances the yield e is  of in terest only for one or a few products from
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a multicomponent mixture. However, when the number of components is  small 
the evaluation of eto ta ''‘ may be appropriate for characterizing the perform­
ance of the displacement chromatographic system.
Fig.6. Typical chromatogram obtained in displacement chromatography.
The areas of the component zones represent the amount of 
material
Multistage displacement chromatography in production scale displa­
cement chromatography is  preferably carried with more than one column in 
a multistage operation. In such an arrangement sane of the columns are being 
used for the displacement development while the others are being regenerated. 
Thus in a system comprising n columns each of them w ill be u tilized  for the 
actual separation and regenerated for the time periods tw and t r .respectively.
Our in terest is  to find the operational scheme, which gives the 
maximum rate  of production, among the following three arrangements:
Schone A, n/2 columns separate and n/2 columns regenerate a t the same 
time;
Scheme B, f i r s t  n columns separate simultaneously then a l l  of them 
regenerate a t the same time;
Scheme C, a column cascade with recycling is  employed.
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Table I .  Comparison o f d i f f e r e n t  d isp lacem en t chrom atographic 
system s com prising  n columns.
Sche­
me
Working
arrangem ent
Process 
tim e 
per run
Amount of 
pure 
p roduct 
per run
P roduction
r a te
A One h a lf  o f columns 
se p a ra te  w h ile  th e  
o th e r  h a l f
max{tw, t R} n n e x2 2 maX Í V  tRÍ
re g e n e ra te
B A ll columns 
se p a ra te  and sub­
seq u en tly  
re g e n e ra te
fcW +  fcR
n n . e . x
fcw  +  fcR
C Columns form a 
cascade w ith  
reach ing + n-
ne
ne . „ 
n n e+ l-e
n e+ l-e  3C +  fc R
Characteristics of the above operational schemes are lis ted  in Table 1. 
I t  is  seen that scheme C offers the highest ra te  of production. With the 
exception of the situation, where tw = t  and thus schemes A and B give the 
same production ra te , scheme B is  superior to scheme A as seen by comparing 
the rates of production shown in Table 1.
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NOTATION
B/0,1 point of poor separation in Fig.2
e separation effectiveness or yield of pure product
G/1,0/ point of complete separation in Fig.2
e H separation effectiveness of k-stage system
i separation ineffectiveness
iW separation ineffectiveness of k-stage system
m mixture of two components in zone overlap
M /l/2,1/2/ point of intermediate separation in Fig.2
n number of stages
P /e ,i/ arbitrary  point of separation in Fig.2
s number of the components
regenerating time
Cw working time
X amount of feed or amount in general
X’ amount of additional feed to a stage
a angle belonging to the separating point/see Fig.2/
ß complementary angle belonging to the separation point 
/see Fig.2/
e separation effectiveness ra tio
separation effectiveness ra tio  of k-stage system
CŰ separation ineffectiveness ra tio
.03 separation ineffectiveness ra tio  of k-stage system
SUBSCRIPTS
k stage number
i unresolved fraction
P product
SUPERSCRIPTS
j component number
to ta l index for the whole mixture
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SUMMARY
Operational steps in displacement development by thin-layer chromatography 
have been investigated. In most cases carrier displacement of certain phenyl- 
alkylamines was carried out by using the components of a dye-mixture as the 
carrier substances, chloroform as the carrier solvent and triethanolamine as 
the displacer. The resu lts showed that without presaturation of the chamber 
with the vapor of the developer solvent the migration of the displacer front 
re la tive  to that of the carrier solvent increases. Thus the Rp value can be 
increased not only by increasing the concentration of the displacer but also 
by carrying out the development without presaturation. The separation obtain­
ed with th is technique was not influenced by the sample size up to 1.5 mg 
under the conditions investigated and satisfactory resu lts  were obtained 
with sample strips 3 cm in length. I t  was found that the height of the thin- 
layer plate can be much smaller, when the separation is  performed in the d is­
placement mode, than that required in the conventional elution mode as each 
step of displacement development takes a rela tive ly  small distance on the 
plate. Furthermore a concentration of the sample components can take place 
in the course of displacement development and therefore the technique offers 
a potential in both trace analysis and preparative separation. For displace­
ment chromatography of phenylalkylamines different combinations of carrier 
solvent and displacer were examined. Whereas a l l  ethanolamines investigated 
exhibited similar properties as displacers the addition of acetone to chloro­
form resulted in dramatic changes in the migration behaviour of the sample 
components.
INTRODUCTION
Ensconced as a popular and versa tile  analytical technique, thin-layer 
chromatography (TLC) has trad itionally  been carried out in the elution mode 
in order to resolve sample components into individual spots that migrate with 
different velocities on the plate (1). Only very recently i t  has been demon­
strated that the scope of twa-dimensional TLC can be extended by employing 
displacement development and the use of carrier displacement can lead to 
novel type of separations by TLC (2).
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The displacement mode of chromatography had been established (3-5) be­
fore elution became the principal mode for the development of chrcmatogram. 
Inadecjuacies of the sorbents available, re la tive  poor column efficiency and 
lack of suitable methods for detection, however, had thwarted displacement 
chromatography to become a practical separation tool. Only a fte r high e f f i ­
ciency columns and precisian instrumentation have been developed for HFLC 
did in terest awake anew in displacament chromatography. A recent series of 
papers has demonstrated that high performance displacenent chromatography 
is  a powerful technique to perform preparative scale separations with col­
umns and equipment employed in analytical HFLC (6-9) . Furthermore, advances 
have been made in the study of the theory and operating parameters associ­
ated with displacement development. I t  also has been shown that TLC is  an 
expedient concomittant to high performance displacement chromatography not 
only for the analysis of the column effluent but also in scouting for ap­
propriate chromatographic systems and operating conditions (2,9).
Since then i t  has been shown that the use of TLC in the displacenent 
mode, DTLC, can give r ise  to a workable separation method on i t s  own in cer­
ta in  applications (2,9). In th is report we present the resu lts  of an in ­
vestigation concerning the effect of operating parameters on separations 
in DTLC.
EXPERIMENTAL 
M aterials:
TLC plates pre-coated with s ilic a  gel 60 F 254 were purchased from 
Merck (Darmstadt, FRG). Both 50 x 100 and 200 x 200 mm plates were used.
Monoethanolamine, diethanolamine, triethanolamine, chloroform, dichlo- 
rcmethane, dichloroethane, acetone, ethanol and ninhydrin were supplied 
by Reanal (Budapest, Hungary). Benzylamine, phenylethylamine, tyramine, 
dopamine and p-methoxyphenylethylamine, a l l  hydrochlorides, were purchased 
from Fluka (Buchs, Switzerland). Deprenyl (Nnnethyl-N-propargyl-(2-phenyl- 
1-methyl) ethylamnonium chloride, Jumex ), propargylanara (N-propargyl- 
(2-phenyl-l-methyl)ethyl-ammoniun chloride), amphetamine and methanphet- 
amine were the kind g if t  of Chinoin (Budapest, Hungary).
The Sudan black dye-mixture was purchased fron Camag (Muttenz, Switzer­
land) under the name ."Test-Substance II"  and used in carrier displacement 
TLC.
Apparatus:
Development chambers for 200 x 200 irm plates were fron Desaga (Heidel­
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berg, FRG). For development of 50 x 100 mn plates, 400 ml covered glass beak­
ers of Symax (Prague, Czechoslovakia) were used. The solutions were spotted 
with yl syringes supplied by Scientific Glass Engineering (North Melbourne, 
A ustralia). A Minuvis UV lamp of Desaga was used a t 254 nm for visualizing 
certain spots.
Methods:
After applying the sample solution a t a distance of 30 nm fron the low­
er edge of the TLC plate, the spots were dried by the use of cold a ir  strean. 
The developer was allowed to r is e  u n til i t s  front was 20 nm fron the top of 
the p la te . Thus the development distance on the 200 x 200 nm plates was 150 
nm unless otherwise specified.
When the chamber was presaturated by the vapors of the developer so l­
vent, a piece of f i l te r  paper was impregnated with the liquid and placed into 
the chamber an hour before s ta r t. In most cases solvent impregnated f i l te r  
paper was not used and th is type of development is  referred to as no or with­
out presaturation. All solutions were placed into the chamber a t least two 
hours prior to the s ta r t of development.
The spots on the chromatogram were visualized either by the use of UV 
lamp or by spraying with a solution containing 0.2 w/v % ninhydrin in etha­
nol and subsequent heating at 110 °C for 10 minutes.
In carrier displacement TLC, the dye-mixture was spotted afte r the 
samples of substances to be separated had been dried by cold a ir  stream. The 
sudan black components of the mixture did not show any mobility in chloro­
form, dichloroethane or dichloromethane but could be displaced by mono- or 
triethanolamines. The separated dye-components and phenylalkylamines d is ­
placed by the individual dye-components were d irectly  observed v isually  with­
out UV lamp or ninhydrin.
RESULTS AND DISCUSSIONS
In the f i r s t  set of experiments we investigated the effect of presat­
uration by the solvent of the developer on the migration of the displacer 
front. The la tte r  is  conveniently measured by the R^  value that is  obtained 
by dividing the distance of the displacer front from the bottom of tne plate 
by the corresponding distance appropriate for the carrier front (9). In a l l  
experiments the Rp values measured without presaturation were higher than 
those with presaturation. For instance with chloroform and 5 % triethanol­
:9
amine in chloroform as the carrier and displacer, respectively, the Rp value 
was 0.32 and 0.44 with and without presaturation, respectively.
Thus, in DTLC the migration of the displacer re la tive  to that of ca rri­
er can be controlled not only by the nature and concentration of the d is ­
placer but also by the level of plate saturation with the vapors of develop­
er. Since in DILC high Rp values are generally desirable, the use of unsatu­
rated chamber is  reccnmended. Moreover heat activation of the plate may fu r­
ther augment the effect. Enhancement of displacer migration re la tive  to car­
r ie r  migration stems from the fact that the movement of the carrier front in 
unsaturated chamber is  slower than in the presaturated one as illu s tra ted  
in Fig. 1. The v o la tile  carrie r solvent is  believed to evaporate p a rtia lly  
from the plate when the chamber is  not saturated with i t s  vapor and conse­
quently the solvent front migrates slower than when the plate is  developed 
in the vapor-saturated chamber. On the other hand, the displacer is  non-vol­
a t i le  and therefore i t s  movement is  only sligh tly  affected by the level of 
saturation as i t  is  seen in Fig. 1. Moreover, the Rp value is  sufficiently  
low to be strongly influenced by the in i t ia l  conditions of the vapor phase
Figure 1. Migration of the displacer (solid line) and the carrier 
front (dashed line) on plates developed in chambers with
( x ----- * ----- X) and without (#—*—# )  presaturation with the
chloroform used as carrier. The displacer was 5 %  (v/v) 
triethanolamine in chloroform.
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in the development chamber. Preactivation of the plate, however, may reduce 
the Rp value.
In another set of experiments the effect of the position of the sample 
spot re la tiv e  to the displacer front was investigated in carrier UTLC. As 
illu s tra ted  in  Fig. 2 the sample position with respect to the bottom of the 
p late was varied within wide lim its. I t  is  seen in Fig. 2 that complete sepa­
ration  of deprenyl and phenylethylamine was accomplished by using the compo­
nents of the dye-mixture as carriers when the displacer front migrated a d is ­
tance of 15 mm from the level of the in i t ia l  spot. A closer distance resulted 
in incomplete displacement and of course the sample spot not reached by the 
displacer front did not exhibit any movement under such conditions as shown 
in Fig. 2. Each sample spot contained 25 yg phenylethylamine and 50 yg depre­
nyl. Phenylethylamine was displaced by both dye I I I  and displacer front, 
deprenyl was displaced by both dye I I  and I I I  as well as phenylethylamine and 
the displacer front, too, i f  the fu lly  developed displacement tra in  had been
carrier front
displacer front
Figure 2, Effect of the position of the displacer front 
re la tive  to the in i t ia l  sample spots on the 
carrier displacement separation of deprenyl and 
phenylethylamine by using the components of 
Sudan black (x  , > and • are dye I, dye II  
and dye I I I  components, respectively).The chro­
matographic system is  the same as that given in 
Fig. 1 for the chamber without presaturation.
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b u ilt up. This situation prevailed in a l l  cases except in the three spots on 
the righ t side where the length of the run was less than 15 mm.
These observations suggest that with the above mentioned lim its the 
displacement tra in  was fu lly  developed under such conditions. Thus, for the 
separation of a simple mixture containing a few components, rather short 
plates suffice, as the displacer front need not migrate a long distance past 
the sample spots in order to obtain a fu lly  developed displacement tra in  
that occupies a rela tive ly  short distance ahead of the front. In practical 
applications the sum of the displacer front and displacer tra in  distances 
is  quite short and in effect responsible for the reduction in the required 
plate length.
I t  is  an aninent feature of displacement chromatography that i t  can be 
performed with sample spots much greater in diameter than those appropriate 
in elution mode. This is  illu s tra ted  in Fig. 3 that shows no deterioration 
in separation due to a six-fold increase in the spot area and sample amount 
that was already much greater for the smallest sample than usual in elution 
TLC. I t  is  notewDrthy that the increase in the length of the sample spot had 
no untoward effect either and the separation was good even for the compo­
nents in i tia lly  present in a 30 mm long sample s trip .
carrier front
displacer front
Figure 3. Effect of the sample load in carrier displacement
chromatography. Conditions are the same as indicated 
in.. Fig. 2, excepting the sample places
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On the le f t  side of Fig. 3 each sample s trip  has the same to ta l load (sam­
ple places are the columns as marked) that is  25 yg phenylethylamine and
50 yg deprenyl. I t  corresponds to 1 and 2; 1/2 and 1; 1/3 and 2/3; 1/4 and
22/4; 1/5 and 2/5; 1/6 and 2/6 yg/mm phenylethylamine and deprenyl, respec­
tively . On the righ t side of Fig. 3 each sample s trip  has the sane specific
load on square mn but increasing amounts in respect of the to ta l load. 1/3
2 9yg/irm phenylethylamine and 2/3 yg/mrcr deprenyl were spotted, namely the 
to ta l amount of 8 and 16; 17 and 34; 25 and 50; 33 and 66; 42 and 84; 50 
and 100 yg phenylethylamine and deprenyl, respectively, for the spots fron 
le f t  to righ t. Dye I, dye I I  and dye I I I  components are marked with 77 > 
and *, respectively.
I t  is  a particular feature of displacement chromatography, in contra­
distinction to elution, that the sample may be concentrated in the course 
of development depending on the adsorption isotherms of the displacer and/ 
or of the sample components (6). The practical consequence of th is  manifests 
i t s e lf  not only in a possible enhancement of sensitiv ity  under certain con­
ditions (2) but also in the relaxation of the usual requirement in TLC, thd: 
is , the extent of the sample spot is  kept a t minimum. This is  strikingly 
illu s tra ted  in Fig. 3. Thus, dilu te samples can be applied as several centi­
meter long strip s in the direction of flow without adverse effect on the 
quality of separation. Such a compression effect may be of importance when 
the so lubility  of the components in the sample solvent is  low or in  trace 
analysis and preparative separations by DTLC. Of course, elongated sample 
spots ca ll for a greater migration distance of the displacer front than 
that required under usual conditions.
We have investigated the effect of spotting the sample mixture and 
that of the carrier substances, i . e . ,  the dye-mixture a t different positions 
in the direction of flow on the p late. The carrier displacement separation 
was the same even when the two spots were spaced 20 mm apart and the order 
of spots had no observable effect either as shown in Fig. 4. In practice, 
therefore, no d ifficu ltie s  are expected when the solvents of the sample 
proper and of the carrier mixture are immiscible, e .g ., when aqueous urine 
samples and solution of the dye-mixture in hexane have to be applied.
Selection of the carrier solvent and the carrier has a strong in flu ­
ence on the time and efficiency of separation by DTLC. In the experiments 
discussed above chloroform and 5 °L triethanolamine in chloroform were used 
as the carrier and the displacer, respectively. However, other systems have
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carrier front
displacer front
O x  — * 
-  -  * o 
* o  o  —
Figure 4. The ineffectiveness of location and order of 
the sample spots a t the s ta r t of DTLC. Dye 
mixture (-), 50 yg deprenyl (x) and 50 yg 
phenylethylamine (o) were spotted at the places 
as indicated. After the displacement tra in  had 
been fu lly  developed, the spots were situated 
in the ir righ t order.
also been investigated and the resu lts are shown in Table 1. I t  is  seen that 
for the separation problem a t hand various chlorinated aliphatic hydrocarbons 
and ethanolamines are suitable carriers and displacers, respectively. In gen­
eral the data show that shorter development time resu lts  in shorter displace­
ment tra in .
In our earlier reports, DTLC of phenylalkyl compounds was restric ted  to 
certain types (2, 13) because only non-hydroxy substituted phenylalkylamines 
were displaced by triethanolamine in chloroform or in several other systems 
containing chlorinated hydrocarbons as the carrier and alkylamines as the 
displacers. Although a variety  of other alkylamines were also tested as po­
ten tia l displacers they gave similar resu lts . However, most recent investi­
gation showed that by changing the composition of the carrier solvent i t  is 
possible to displace hydroxy-substituted phenylalkylamines, too. Thus we 
found that p-tyramine can be displaced by a system consisting of acetone- 
chloroform (1:1) and 5 °L triethanolamine as the carrier and displacer, re ­
spectively .
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T a b l e  I.
Carrier Displacer 7o Running
time
of the Displacement 
2nd front range (mm)
chloroform ethanolamine 5 41 28/80 10
10 43 50/80 2
20 51 67/80 2
triethanolamine 5 26 30/80 10
10 X 67/69 **
20 X 62/63 2
dichloromethane ethanolamine 5 23 23/80 10
10 27 30/80 2
20 X 68/70 2
triethanolamine 5 20 30/80 10
10 28 48/80 2
20 X 54/53 2
dichloroethane ethanolamine 5 27 6/80 ?
10 X 6/15 ?
20 36 42/80 2
triethanolamine 5 29 16/80 9
10 29 24/80 5
20 X 25/40 4
chloroform- ethanolamine 5 26 45/80 4
acetone (1:1) 10 49 76/80 2
20 66 77/79 **
triethanolamine 5 19 23/80 10
10 28 35/80 3
20 38 54/80 2
x : time of development is  more than 90 minutes for 80 ran 
** : displacement range is  less than 1 mn
? : displacement range is  unknown (as the 2nd front does not reach
the origin of spots).
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T a b l e  II.
Rf x 100
I II I II IV
Benzylamine 34 96 43 95
Phenyethylamine 34 96 43 95
Tyramine 0 0 42 93
Dopamine 0 0 0 19
Amphetamine 35 97 44 95
Methamphetamine 35 97 44 95
Deprenyl 36 97 78 98
Propargylanara 37 98 82 98
p -methoxyphenyl-ethylamine 0 0 0 28
Solvent systems:
I: 5 % triethanolamine in chloroform
II: 10 "h triethanolamine in  chloroform
II I :  5 % triethanolamine in chloroform-acetone (1:1)
IV: 5 7o ethanolamine in chloroform-acetone (1:1) .
The resu lts  are shown in Table 2, and i t  is  seen that the spot; of p- 
tyramine is  displaced between the displacer front and phenylethylamine, and 
amphetamine and methamphetamine are also displaced. On the other hand, depre­
nyl and propargylanara elute when acetone-chloroform (1:1) is  used as the 
carrier that appears to be a strong eluent due to the presence of the highly 
polar acetone. With acetone-chloroform mixture as the carrier, trie thano l­
amine is  also capable of displacing tyramine,which too strongly binds to s i l ­
ica gel in  the presence of chloroform only to be eluted or displaced by a l-  
kylamines, so that i t s  spot appears d irectly  ahead of the displacer front.
The resu lts presented in Table 2 show that the ethanolamines investi­
gated have similar properties as displacers as long as a chlorinated solvent 
is  used as the carrier. Only the addition of acetone to the carrier gives 
r ise  to significant change in the chromatographic behaviour of phenylalkyl- 
amines. Whereas phenylethylamine, benzylamine, amphetamine, methamphetamine 
are s t i l l  displaced under such conditions, v i d e  Table 2, deprenyl and prop­
argylanara are eluted and dihydroxy derivatives do not move on the thin- 
layer plate a t a l l .
The length of migration distance p lays an important ro le in determining
66
the time and efficiency of separation in DTLC. In analogy with recent find­
ings in column chromatography (7), the process can be broken down in the 
following steps:
(a) displacer front migrates prior reaching the spots of the sample 
mixture;
(b) displacer front is  touching the spots of sample and concentrates 
the components even i f  they are present in more or less elongated 
s tr ip s ;
(c) the components s ta r t to move and form a displacement tra in  of 
adjacent spots upon the effect of moving displacer front;
(d) a fte r reaching isotachic conditions, a l l  bands of the fu lly  
developed displacement tra in  move with the velocity of the 
displacer front.
The actual separation process takes place in steps (b) and (c) only. 
Therefore, the time and space used for steps (a) and (d) should be minimized. 
Upon reaching isotachic conditions, the separation in the fu lly  developed 
displacement tra in  may deteriorate due to diffusion and flow effects. Con­
sequently, the development in DTLC should be stopped a fte r step (c). Thus, 
the maximum migration distance for the sample on the plate is  the sum of the 
distance needed by the displacement tra in . As seen in Fig. 2 both distances 
can be rather short. Consequently, the use of 100 nm high thin-layer plates 
appear to be quite adequate in our case. The situation contrasts with that 
in elution TLC where the disengagement of spots is  generally proportional to 
the square root of the migration distance (10-12).
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SUMMARY
The Chransil, Chromsil-ODS and Chromsil-N^ packings were systematically 
examined. I t  was found that pore structures of these materials are optimum. 
The efficiency and the packing homogenity of packed columns were charac­
terized by H-u curves. Several applications of these packings are presented.
INTRODUCTION
High performance liquid chromatography (HPLC) is  one of the most im­
portant analytical methods in chemistry and biochemistry. The types of spe­
c ia l packing materials developed for HPLC have been multiplied during the 
la s t two decades. The most common material is  s ilic a . I t  can be used in two 
different ways as packing: as an adsorbing surface of silanol groups or 
through other polar, nonpolar or ion-exchanger organic groups attached to 
the surface. The partic les should be of uniform size to ensure uniform flow 
across a column cross-section and to obtain maximum efficiency within the 
lim its of practical pressure drop through the column and with a uniform 
porosity and optimum structure for the particulate in use.
The enormous progress of HPLC in the la s t decade can be partly  a t tr ib ­
uted to the introduction of chemically bonded phases (1,2). Attachment of 
various polar and nonpolar groups to the surface by direct Si-C bonds gen­
erally  gives a stable coating toward hydrolysis. The steadily increasing 
number of papers demonstrates the growing importance of these separation 
systems.
The "Chromsil" packings for HPLC and high performance thin-layer chro­
matography are based on a new, irregular shaped s ilic a . They are available 
in 6 ;um and 10 ;jm average partic le  size. The efficiency of th is material and 
i t s  derivatives, the chemically bonded "Chromsil-ODS" and "Chromsil-M ^" was 
investigated by measuring the porosity and H-u curves.
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These packing materials have been developed by the University Medical 
School, Pécs in collaboration with the "Laborinstrument Works, Budapest.
EXPERIMENTAL
The following liquid chromatograph was used: Liquochrom Model 2010 
(Labor MIM, Budapest, Hungary) consisting of a pulseless solvent delivery 
pump, an injector valve with 20 jal loop, a variable wavelength UV detector 
and a strip-chart recorder, Type OH-814/1 (Radelkis, Budapest, Hungary).
The packing materials were f il le d  into 250 x 4.6 nm stainless steel 
columns Type OE-323 (Labor MIM, Budapest, Hungary). The packing procedure 
based on a modified "balanced-viscosity" method (3) has been specially de­
veloped by Labor MIM. Before use, the packed columns were equilibrated with 
the eluent for an hour.
The components of a l l  mobile phases were freshly d is tille d . The te s t-  
-mixtures were prepared by mixing analytical grade standard m aterials.
RESULTS AND DISCUSSION
1) S ilica  packing material
The pore size distribution, pore volume, specific surface area have 
been measured by size-exclusion chromatography (4). The average pore diam­
eter was found a t 0 = 83 8 (F ig.l, solid line), the pore volume was
V =1.07 crrrVg, the specific surface area was S = 520 m^/g.P »sp
This value of surface area measured chromatographically is  usually 
30 7o higher than measured by BET method.
The to ta l porosity, the pore porosity and the in te r s t i t ia l  porosity 
were£T = 0.82. = 0.40 and (£ q = 0.42, respectively.
The efficiency of the columns can be characterized by the van Deemter 
equation (5):
H = A + J L + C u  u
where H is  the high equivalent to a theoretical p late, u is  the linear flow 
velocity,A, B and C are characteristics to the column, packing material, 
solvent and solute.
We can use the complete form of th is equation for columns packed with 
materials having about 5 .urn diameter only. We have characterised the 10/m 
materials with a simplified van Deemter equation:
H = A* + C* u
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Fig .l Pore size d istribution of s ilic a  (solid line) and C-^ g 
bonded phase (dashed line) packings
Heptane eluent, and tetrachloroethylene (k’ =0) ,  anthracene(k:—' 1.0),
3,4-benzopyrene (kv—'2.0) solutes were used. To indicate the packing homo­
geneity in the columns, the H versus u curves were measured not only in the 
direction of packing but with inverted flow direction, too. The resu lts 
(Figs. 2,3,4) show that the efficiency of columns are nearly identical in 
both directions of flow.
Fig.2. H-u curves on s ilic a  a t k ’=0 (Perchloroethylene sample) 
Fluent: n-heptan 
Detector: 254 nm; 0,1 A.
Upper lin e s : column with 10 yrn packing material 
Lower lines: column with 6 ;um packing material 
Solid lines: measured by flow direction corresponding to 
packing direction
Dashed lines: measured by inverted flow direction
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pig . 3. H-u curves on s ilic a  a t kv—'  1 (Anthracene sample) 
For details see Fig.2.
Fig.4. H-u curves on s ilic a  a t k ’'—'  2(3,4-Benzopyrene sample)
For details see in Fig.2.
The reduced plate height a t the optimum "u" value is  about 2.5.
Fig.5 shows a size exclusion chromatogram of a mixture of polystyrenes 
with different molecular weights, on a 6 jum Chromsil column. The eluent was 
dichloromethane.
For the separation of some important hormones a 10 urn Chromsil column 
and chloroform-methanol eluent were used (Fig.6).
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i
2Fig.5. Separation of polystyrene samples by size exclusion. 
Packing m aterial: 6 ,um Chromsil 
Mobile phase: dichloro-methane
Linear velocity: 2,23 mn/sec
Detector: 260 nm; 0,1 A.
Peaks: 1. Polystyrene M.W. 3 700 000
2. Polystyrene M.W. 20 000
3. Polystyrene M.W. 10 000
4. Polystyrene M.W. 3 000
5. Polystyrene M.W. 600
6. Benzene 78
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Fig. 6. Separation of scxne steroid-hormones 
Packing material: 10 ;um Chromsil 
Mobile phase: CHCly MeOH 97:3 (v:v)
Linear velocity: 2;40 nm/sec 
Detector: 280 nm; 0,1 A.
Peaks: 1. Estrole
2. Estradiol
3. E strio l
2) Chrcmsil-ODS packing material
This reverse phase packing material is  based upon the interaction of 
Chromsil s ilic a  with trichlorooctadecylsilane. The surface is  well capped 
and has a very low concentration of the residual silanol groups. The carbon 
content is  17.6 %. The porosity data were measured in a similar way to s ilica . 
The resu lts  are: mean pore diameter, pore volume and specific surface area 
are 63 8. (F ig.l, dashed line), 0.58 cm^/g and 370 m^/g, respectively,
= 0.70; £ = 0.29; £ o = 0.41. All data, excepting £ _ q , decrease,
because the volume of octadecyl chains can not be neglected.
The efficiency of columns was tested in two different ways. F irs t, we 
measured the H vs. u curves in methanol eluent benzene (k’ = 0.2), pyrene 
(k’ = 1) and 3,4-benzpyrene (k’ = 2 .1 ) in both flow directions .'Figs. 7,8 
and 9). Then, we changed the eluent to 89 % water and 11 % methanol. In th is 
case, nitremethane (kv~/ 0.6) , hydroquinone (k’-^/l.O) and resorcinol(k!~/ 2.3)
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solutions were inj ected (Fig.10).
Fig.7. H-u curves on Chromsil-ODS a t k ’ =0 , 2  (Benzene sample) 
Eluent: methanol 
Detector: 254 nm; 0,1 A.
Upper lin es : column with 10 packing material
Lower lin es : column with 6 pn packing material 
Solid lines: measured by flow direction corresponding 
to packing direction
Dashed lin e s : measured by inverted flow direction
Fig.8. H-u curves on Chromsil-ODS at k' = 1 (Pyrene sample) 
For details see Fig.7.
Fig.9. H-u curves on Chromsil-ODS at k ’ = 2,1 (3,4-Benzopyrene 
sample)
For details see F ig.7.
Fig.10. H-u curves on Chromsil-ODS with water-methanol eluent. 
Detector: 254 nm; 0,1 A.
Mobile phase: 11 °L methanol in water 
Samples: Nitromethane (k’^ 0 , 5 ) ,  Hidroquinone(k’= l,0 ), 
Resorcinol (k’^ 2 ,3 )
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The most important difference between the two methods is that the s ta ­
tionary phase (the ODS-silica) has been wetted by methanol and not by water- 
-methanol (89:11) eluent. The resu lts in both eluent are very similar to each 
other.
In Figs. 11 and 12 two applications of "Chromsil-ODS" are presented. 
Fig. 11 demonstrates a rapid separation of some halogenated benzenes on a 
column packed with 6 urn partic les. In Fig.12 there is  a separation of an 
alkaloid-cock t a i l .
F ig.11. Separation of some halogeneted benzenes 
Packing material: 6 ;um Chromsil-ODS 
Mobile phase: MeOH:water 88:12 (v:v)
Linear velocity: 4,97 nm/sec 
Detector: 270 nm; 0,05 A.
Peaks: 1. Beneze
2. chloro-benzene
3. 1,4-dichloro-benzene
4. 1,4-dibromo-benzene
5. 1,2,3-tri-chloro-benzene
6. 1,2,3,4-tetrachloro-benzene
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Fig.12. Separation of alkaloids
Packing material: 10 um Chromsil-ODS 
Mobile phase: 55 % water, 44,7 % acetonitrile , 
0,3 % diethylamine 
Linear velocity: 3,50 run/sec 
Detector: 258 nm; 0,1 A.
Peaks: 1. Morphine
2. Caffeine
3. Nicotine
4. Papaverine
5. Strychnine
6 . T’hebaine
7. Cocaine
3) Chromsil-NHo
This packing has chemically bonded amino-propyl groups on i ts  surface. 
The residual silanol groups were eliminated by capping procedure, so acidic 
properties can not be observed.
For measuring H-u curves benzene (k’ = 0 ) , m-dinitrobenzene(k’=0.6) 
and o-nitroaniline (k’ = 1.9) solutes were used. The eluent contained 0.5% 
i-propanol and 10 % dichloromethane in n-heptane (Fig.13).
Aminophase packings are very frequently applied for carbohydrate 
analysis. We separated a test-mixture of five conmonly used mono- and 
disaccharides (Fig.14).In th is case, refractive index detector was applied.
We have found that aminophase packings are suitable for the separation 
of carotenoids. For example, a "functional group separation" of carotenoids
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is  presented in Fig. 15. Peak 1 ( ß -carotene) is  a hydrocarbon, peak 2. 
( e-cryptoxanthin) a monohydroxy-peak 3 (zeaxantin) a dihydroxy-, peak 4 
(antheraxantin) a monoepoxy-dihydroxy-, peak 5 (capsanthin) a monooxy- 
dihydroxy-, and peak 6 (capsorubin) a dioxo-dihydroxy-carotenoid.
Fig.13. H-u curves on Chromsil-NH« (10 ;um) phase
Mobile phase: 0,5 Z isopropanol, 10 70 CI^C^ in 
n-heptane 
Detector: 254 nm; 0,1 A.
Samples: Benzene (k’=0), 3,5-dinitro-toluene (k’=0,6), 
2-n itro -aniline (k’=l,9)
Solid lines: measured by flow direction corresponding 
to packing direction
Dashed lines: measured by inverted flow direction
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0 1 2 3 4 5 6 7 8 9  10 min.
Fig.14. Separation of same mono- and disaccharides 
Packing material: 10 ;jm Chroms il-NÍL, 
Mobile phase: 12 % water in aceton itrile  
Linear velocity: 2,25 mn/sec 
Detector: Refractive Index LCD 
Peaks: 1. Xylose
2. Fructose
3. Galactose
4. Sucrose
5. Lactose
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1Fig.15. Separation of carotenoids
Packing m aterial: 10 ;jm Chromsil-IWL, 
Mobile phase: 0,5 methanol in benzene 
Linear velocity: 2,70 nrn/sec 
Detector: 470 nm; 0,08 A.
Peaks: 1. g -Oarotene; 2. g-Cryptoxanthin; 
3. Zeaxanthin; 4. Antheraxanthin;
5 .Capsanthin; 6. Capsorubin
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Adsorbents of different microporous structure (1-5) have been used for a 
long time in thin-layer chromatography for the separation of mixtures of 
various substances. The microporous structure of adsorbents is an important 
feature affecting optimization of the chromatographic process. This was 
studied in thin-layer chromatography by Geiss (6) and Snyder (7). Practical 
possibilities  of controlling the process of thin-layer chromatography were 
also indicated by Rozylo (8,9). There were also attempts to explain the 
physical-chemical significance of the value of the adsorbent specific surface 
area in thin-layer chromatography (10). The recent considerable interest in 
the role of the specific surface area of the adsorbent in thin-layer 
chromatography is due to the growing importance of this method as a p ilo t 
technique for determining the optimum conditions of mixture separation on 
both analytical and preparative scales. The la t te r  is  widely applied for 
obtaining and purifying of substances of natural origin in laboratories, as 
well as in pharmaceutical and food industries, and also in enviromental 
protection (11).
Linear relations between R^ values of substances for pure components 
of a mixed e.g. binary mobile phase p y the specific surface area of 
the adsorbent, as has already been observed - are not favourable enough to 
be applied in a routine process of optimization of separation conditions. 
Therefore, the present paper analyses the relations between the R^ values 
of substances and the specific surface area of the adsorbent. The values 
were investigated for identical concentrations of the mobile phase on 
adsorbents of different values of the specific surface area.
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MATERIAL AND METHODS
Measurements were taken of the  Rp (R^) va lues  of model 
substances  ob ta ined  in  the  p rocess  o f  ad so rp tio n  th i n - l a y e r  
chromatography on s i l i c a  g e ls  of d i f f e r e n t  microporous s t r u c tu r e ,  
produced by Merck (12).
The chromatographed substances  were c e r t a in  p o ly c y c l ic  
arom atic  hydrocarbons showing n e i th e r  e lec tro n -d o n o r  nor 
e le c t ro n -a c c e p to r  p ro p e r t i e s  (nap h th a len e , ß -m ethy lnaph tha lene , 
pyrene, chrysene, f lu o ran th en e ,  d ipheny l) .  This s e l e c t io n  of 
model chromatographed substances  aimed a t  e l im in a t in g  p o s s ib le  
a d d i t io n a l  in te rm o le c u la r  a c t io n s  w ith  the adsorben t su r face  and 
the  components o f  th e  mobile phase which was composed of two 
mixed b ina ry  s o lv e n ts :  benzene-methanol and benzene-e thano l.  The 
procedure of conducting the  chromatographic p rocess  and substance 
d e te c t io n  were d esc r ibed  in  s e v e ra l  e a r l i e r  p u b l ic a t io n s  (1 -4 ,8 ,  
13). The r e s u l t s  a re  p resen ted  in  t a b le s  w ith  the  R^ va lues  of 
substances  from the  experiment and va lues  c a lc u la te d  t h e o r e t i ­
c a l ly  on the  b a s is  o f  the  ob ta ined  c o r r e l a t i o n s ;  graphs of the 
Rj,j v a lues  were a lso  drawn, w ith  r e s p e c t  to  the  value  of the  spe­
c i f i c  su rface  a rea  of the adsorben t and the  c o n c e n tra t io n  of 
the  more a c t iv e  component of the  mixed mobile phase (1 -3 ) ,  as 
w ell as graphs o f  r e l a t i o n s  of the  R^ va lues  of substances  in 
the fu n c t io n  of c o n c e n tra t io n  of the  mobile phase (4 -6 ) .
DISCUSSION
I t  i s  apparen t from the  r e s u l t s  p re sen te d  in  t a b le s  I - 1 I  
and in  F igures  1-5 th a t  on s i l i c a  g e ls  of d i f f e r e n t  s p e c i f i c  
su r fa c e  a rea s  the R^ va lues  o f  the  chromatographed substance
o
pore d iam eter (A) 2s p e c i f i c  su rface  a rea  (m /g)
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F ig s l ,  2, 3.
L inear r e l a t i o n s h ip  between va lues  and s p e c i f i c  su rface  
a rea  o f  adso rben ts  (mg / g ) . Solvent systems, benzene-methanol. 
Experim ental d a ta ,  s t r a i g h t  l i n e - t h e o r e t i c a l  d a ta ,  c a lc u la te d  
from equa tion  1
7 87
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SOLVENT SYSTEM C6H6CH30H
F ig . 3
7 * 89
Experimental and theoretical /calculated from equation 1/ Rj^  values for different chromatographed substances. 
Ibbile phase benzene-methanol.
TABLE I
---------0TÖ--------- — s n — :
exp c u io
0 , 5
exp CoU,
..........Z »
exp cede
0,7
CxxLc
0 ,9
c a te
\ o
(ZKp coM:
Naphthalene
g e l  60 
g e l  100 
g e l  200 
g e l  500
I
-0 ,22  , - 0 ,2 4  
-0 ,2 6  I - 0 ,2 7  
-0 ,36  ' - 0 ,3 4
-0 ,3 9  [ - 0 ,3 9
i
-0 ,37  ' - 0 ,3 7  
-0 ,4 0  | -0 ,41  
-0 ,4 7  ' - 0 ,4 6  
-0 ,5 0  [ - 0 ,4 9
-0 ,4 4  i - 0 ,4 2  
-0,51 I-0 ,5 1  
-0 ,6 9  i - 0 ,6 9  
-0 ,7 6  ,'-0 ,75
i
-0 ,53  1 -0 ,52  
-0 ,60  1 -0 ,6 2  
-0 ,7 6  [ -0 ,7 5  
-0 ,82  1-0 ,85
-0 ,5 2  | -0 ,5 2  
- 0 ,6 2  1- 0 ,6 2  
-0 ,8 3  1 -0 ,75  
-0 ,9 2  [ -0 ,8 5
T
-0 ,4 4  '-0 ,4 1
-0 ,5 5  [ -0 ,5 2  
-0 ,8 5  ' -0 ,8 4  
-0 ,9 6  | - 0 ,9 4
-0 ,3 8  1 -0 ,3 5  
-0 ,51  [ -0 ,5 1  
-0 ,6 1  i -0 ,8 0  
-0 ,9 5  ' - 0 ,9 2
Xethylnaphthalene
g e l  60 
g e l  100 
g e l  200 
g e l  500
-0 ,2 8  , - 0 ,2 9  
-0 ,32  I -0 ,3 2  
-0 ,3 8  I -0 ,3 9  
-0,41 [ -0 ,4 1
i
-0 ,30  | - 0 ,3 0  
-0 ,35  ' -0 ,3 5  
-0 ,4 4  | - 0 ,4 4  
-0 ,5 0  i -0 ,5 0
-0 ,42  | - 0 , 4 3  
-0 ,4 9  i T0 ,48  
-0 ,56  ' - 0 ,5 8  
-0 ,64  | - 0 ,6 2
1
-0 ,43  1 -0 ,4 7  
-0 ,4 9  [ -0 ,5 4  
-0,71 i -0 ,7 2  
-0 ,7 9  ' - 0 ,7 8
i
-0 ,4 8  , -0 ,4 6
-0 ,5 5  I -0 ,5 2
-0 ,7 2  1 -0 ,7 4
- 0 ,8 2  1 -0 ,8 6  
I
1
-0 ,41  i -0 ,3 9  
-0 ,5 2  '-0 ,4 7  
- 0 ,7 4  [-0 ,7 6  
-0 ,8 4  1-0,88
I
-0 ,3 8  | - o ,3 8  
-0 ,4 5  [ -0 ,4 5  
-0 ,7 4  ' - 0 ,7 6
- 0 ,8 8  -^ 0 ,8 8
Chrysene
g e l  60 
g e l  100 
g e l  200 
g e l  500
-0 ,25  | - 0 ,2 5  
-0 ,2 8  , - 0 ,2 8  
-0 ,3 8  | - 0 ,3 6  
-0 ,42  i - 0 ,4 3
i
-0 ,3 2  [-0 ,3 0  
-0 ,3 6  , - 0 ,3 8  
-0 ,4 5  , -0 ,4 3  
-0 ,4 9  i-0 ,5 0
_______ i
-0 ,45  [ - 0 ,4 4  
-0 ,4 9  ' - 0 ,5 0  
-0 ,57  ' - 0 , 5 6  
-0 ,6 0  [ - 0 ,6 2
-0,51 I -0 ,51  
-0 ,5 8  ' -0 ,5 7  
-o ,7 0  [ - 0 ,6 7
-0 ,76  ' - 0 ,7 6  
I
- 0 ,4 7  [ -0 ,4 7  
- 0 ,5 2  f -0 ,5 3  
-0 ,6 5  1 -0 ,63  
-0 ,71  • -0 ,71  
_______ I____ _
-0 ,3 7  [-0 ,38  
-0 ,4 4  i-0 ,45  
-0 ,61  [-0 ,60  
-0 ,6 9  i-0 ,6 8
- 0 ,3 0  [-0 ,30  
-0 ,3 5  1-0,37  
- 0 ,5 0  1-0,48  
-0 ,5 5  j-0 ,55
Table I  /  co n tin o u s /
0,0
í*P ____calc
0,4
e*p code
0,3
exp ca lc
0,5
e*P cate
0 ,1
exp calc
0,9
exp calc.
A O
Pyrene
g e l  60 
g e l  100
g e l  200 
g e l  500
-0 ,2 5 ]  -0 ,2 5
- 0 , 2 9 i - 0 ,2 8
-0 ,3 6 ]  -0 ,3 6
- 0 , 4 0 i -0 ,4 0  
\
1
- 0 , 5 0 1 -0 ,2 8  
-0 ,351  -0 ,3 5  
-0 ,4 5 l  -0 ,4 9  
-0 ,5 5 ]  -0 ,5 5
1
-0 ,5 0  ' -0 ,4 3  
- 0 ,5 0 ]  -0 ,4 9  
-0 ,6 4  1 -0 ,6 3  
- 0 , 7 0 J - 0 ,6 9
i
-0 ,4 8  | -0 ,5 0  
-0 ,5 8  | -0 ,5 8  
-0 ,7 4  I -0 ,7 5  
-0 ,8 5  ] -0 ,8 2
-0 ,4 1  [ -0 ,4 5  
- 0 ,5 2  | -0 ,5 5  
- 0 ,7 7  I -0 ,7 9  
- 0 ,9 1  ] - 0 ,8 9
I
-0 ,3 3 '  -0 ,3 2  
-0 ,41  ] -0 ,4 3  
-0 ,7 2  i -0 ,7 4  
-0 ,8 6 ]  -0 ,2 4
I
- 0 ,2 4  i - 0 ,2 4  
-0 ,3 5  ! -0 ,37  
- 0 ,6 9  1 -0 ,7 0  
-0 ,8 3  j  -0 ,82
Diphenyl
g e l  60 
g e l  100 
g e l  200 
g e l  500
- 0 ,2 9 ]  -0 ,2 8  
- 0 ,3 4 ]  -0 ,3 2  
-0 ,4 1  ' -0 ,41  
- 0 , 4 4 ! - 0 ,4 4I
- 0 , 3 6 Í -0 ,3 8
- 0 , 4 2 J  -0 ,4 2  
-0 ,531  -0 ,5 3  
- 0 ,5 8 ]  - 0 ,5 8
1
-0 ,4 5  1 - 0 ,4 8  
-0 ,5 5  [ - 0 ,5 4  
- 0 ,6 9 ]  -0 ,6 9  
- 0 ,7 7 '  - 0 ,7 6
-0 ,5 3  | -0 ,53  
- 0 ,5 9  ' -0,61  
-0 ,7 6  [ -0 ,8 0  
-1 ,0 0  ] -0 ,9 0
I
-0 ,4 8  I - 0 ,4 8  
- 0 ,5 9  [ - 0 ,5 6  
- 0 ,7 6  I -0 ,7 8  
-1 ,0 0  [ -1 ,01
I
-0 ,4 2 ]  -0 ,3 6  
-0 ,4 4  i -0 ,4 7  
-0 ,6 7 ]  -0 ,8 9  
-1 ,0 2 ]  -1 ,04
1
-0 ,3 3  ] -0 ,3 5  
- 0 ,4 9  1 -0 ,5 0  
- 0 ,8 7  1 -0 ,8 7  
-0 ,9 8  1 -0 ,9 8
Fluoranthene
g e l  60 
g e l  100 
g e l  200 
g e l  500
-0 ,1 6  i -0 ,1 4  
-0 ,2 0  ] -0 ,21  
-0 ,3 2  ] - 0 ,3 3  
-0 ,3 6  ] - 0 ,3 6
1
- 0 ,2 8  1 -0 ,2 9
- 0 , 3 4 1 - 0 ,3 5  
- 0 ,4 6  J  -0 ,4 5  
-0 ,5 1  ] -0 ,5 0
- 0 ,4 4  [ -0 ,4 5  
-0 ,5 0  1 -0 ,5 0  
-0 ,6 5  J  -0 ,6 4  
-0 ,7 1  ] - 0 ,7 2
-0 ,5 0  | -0 ,5 0  
-0 ,5 8  I -0 ,5 8  
-0 ,7 8  ! -0 ,7 6  
-0 ,8 6  I - 0 ,8 8
l
- 0 ,4 3  | -0 ,4 3  
- 0 ,5 3  I -0 ,5 3  
-0 ,7 6  j -0 ,7 4  
- 0 ,8 6  I -0 ,8 5
I
-0 ,3 4 '  -0 ,3 4  
-0 ,4 5  | -0 ,4 5  
-0 ,7 5  | -0 ,7 4  
-0 ,8 9 '  -0 ,8 8_______ t
1
-0 ,2 7  ' - 0 ,2 8  
- 0 ,4 0  1 -0 ,41  
- 0 ,7 2 '  -0 ,7 2  
- 0 ,8 6 '  -0 ,8 7
TABLE I I
Experimental and theoretical /calculated from equation 1/ values fro different chromatographed substances. 
Mbbile phase beneze-ethanol
0,0
exp calx-
0,A
exp calc
0,3
exp . ux^e.
0,5
exp ccUx
0 , f
&Kp COX-C-
0,9
a-<P ccUc
A.O
e*p c*x
Methylnaphthalene
g e l  60
I
- 0 ,3 0  1 -0 ,3 1
I
- 0 , 3 8  i - 0 ,3 9 - 0 , 4 9  1 -0 ,50 - 0 , 6 2  1- 0 ,6 2 - 0 , 5 5  j - 0 , 5 6
1
- 0 , 4 4  1 -0 ,4 2
1
- 0 , 3 8  1 - 0 , 3 9
g e l  100 - 0 ,3 3  | - 0 , 3 2 - 0 ,4 3  [ - 0 ,4 4 - 0 , 5 3  ' - 0 , 5 4 - 0 ,6 5  [ - 0 , 6 6 - 0 , 6 0  i - 0 , 6 2 - 0 ,5 1  1 -0 ,5 0 - 0 ,4 3  , - 0 , 4 4
g e l  200 - 0 ,3 9  1 - 0 ,3 9 - 0 ,5 5  ' - 0 , 5 4 - 0 ,6 2  [ - 0 ,6 3 - 0 ,7 4  1- 0 ,7 4 - 0 , 7 2  [ - 0 , 7 2 - 0 , 6 2  j -0 ,6 2 - 0 , 5 6  1 -0 ,5 5
g e l  500 -0 ,4 1  ' - 0 , 4 1
_______ I________
-0 ,6 1  [ - 0 ,6 0 - 0 ,6 6  | - 0 , 6 6 - 0 , 7 6  j - 0 ,7 7 - 0 , 7 6  | - 0 ,7 8  
i
- 0 , 6 8  1 - 0 ,6 7  
1
- 0 ,6 0  1- 0 , 6 0
C hrysene
g e l  60 - 0 ,2 5  1 - 0 ,2 5 - 0 ,3 2  [ - 0 ,3 2 - 0 ,5 4  [ - 0 ,5 5 - 0 , 5 9  [ - 0 ,6 0 - 0 , 4 9  [ - 0 , 4 9 - 0 , 4 0  ] -0 ,4 1 - 0 ,3 1  [ - 0 , 3 2
g e l  100 - 0 ,2 8  | - 0 , 2 9 - 0 , 3 6  i - 0 , 3 7 - 0 ,5 6  1 -0 ,5 6 - 0 , 6 2  1 - 0 , 6 2 - 0 , 5 2  1 -0 ,51 - 0 , 4 4  i - 0 ,4 4 - 0 ,3 5  [ - 0 , 3 4
g e l  200 - 0 ,3 8  i - 0 , 3 6 - 0 ,4 7  [ - 0 , 4 4 -0 ,6 1  >-0 ,61 - 0 , 6 8  [ - 0 ,6 7 - 0 , 5 9  [ - 0 ,5 9 - 0 , 5 3  [ - 0 ,5 2 - 0 , 4 6  1 -0 ,5 4
g e l  500 - 0 ,4 2  1 - 0 ,4 2 - 0 ,5 1  1 -0 ,51 - 0 , 6 3  [ - 0 , 6 3 - 0 ,7 2  1 - 0 ,7 2 - 0 ,6 2  | - 0 ,6 2 - 0 , 5 6  i - 0 ,5 5 - 0 , 5 0  [ - 0 , 5 0
Pyrene
g e l  60 - 0 ,2 5  ' - 0 , 2 5 - 0 ,4 5  [ - 0 , 4 6 - 0 , 5 8  [ - 0 , 5 8 - 0 ,6 2  ! - 0 , 6 2 -0 ,6 1  [ - 0 , 6 2 - 0 , 4 2  [ -0 ,41 - 0 ,3 5  , - 0 , 3 5
g e l  100 - 0 ,2 9  | - 0 , 2 8 - 0 ,4 8  i - 0 ,4 7 - 0 ,6 2  ' - 0 , 6 1 - 0 ,6 7  I - 0 ,6 7 - 0 , 6 6  i - 0 ,6 6 - 0 , 5 0  , - 0 , 4 9 - 0 ,4 4  ' - 0 , 4 3
g e l  200 - 0 ,3 6  ' - 0 , 3 6 - 0 ,5 0  1- 0 ,5 0 - 0 , 6 8  [ - 0 , 6 9 - 0 ,7 7  1 - 0 ,7 9 - 0 , 7 5  [ - 0 , 7 6 - 0 , 6 4  | - 0 ,6 6 - 0 ,6 0  i - 0 ,6 1
g e l  500 - 0 ,4 0  [ - 0 , 4 0 - 0 ,5 3  J - 0 ,5 3 - 0 ,7 2  | - 0 , 7 2 - 0 ,8 5  [ - 0 ,8 5 - 0 , 7 9  [ - 0 , 7 9 - 0 , 7 2  1-0 ,72 - 0 ,6 7  [ - 0 ,6 7
D ipheny l
g e l  60 - 0 ,2 9  [ - 0 , 2 9 - 0 , 5 8  1 -0 ,4 1 - 0 ,5 8  ' - 0 , 5 8 - 0 ,6 2  [ - 0 ,6 2 - 0 ,5 4  [ - 0 ,5 4 - 0 , 4 5  1 - 0 ,4 5 - 0 ,3 2  1 - 0 , 3 2
g e l  100 - 0 ,3 3  ' - 0 , 3 3 - 0 ,6 3  [ - 0 ,4 5 - 0 ,6 3  [ - 0 , 6 0 - 0 ,6 3  I " 0 ’ 63 - 0 , 5 9  ' - 0 , 5 9 - 0 ,5 3  [ - 0 ,5 3 - 0 ,4 0  - 0 , 4 0
g e l  200 - 0 ,4 2  [ - 0 ,4 1 - 0 ,5 5  [ - 0 ,5 5 - 0 ,6 5  1 - 0 , 6 6 - 0 ,6 8  1 - 0 , 6 8 - 0 ,7 2  [ - 0 , 7 2 - 0 ,6 8  1 - 0 ,6 8 - 0 ,6 0  1 - 0 , 6C
g e l  500 - 0 ,4 4  ' - 0 , 4 4
i
- 0 ,6 7  | - 0 , 5 9 - 0 ,6 7  [ - 0 , 6 8 -0 ,7 1  [ - 0 , 7 0 - 0 , 7 9  I - 0 , 7 8 - 0 ,7 2  [ - 0 ,7 2 - 0 ,7 0  [ - 0 ,7 0
change in  a r e g u la r  manner. I t  tu rned  out th a t  th e re  i s  a l i n e a r  
dependence of the  va lue  on the  s p e c i f i c  su r face  of the  
adso rben t.  This dependence can be p re sen te d  by a l i n e a r  
e q u a t io n .
Rj/j = a s + b  ( 1)
where s i s  the  s p e c i f i c  su r face  a rea  o f  the  adso rben t,  and v a ­
lues  a and b a re  param eters  o f  the  s t r a i g h t - l i n e .
As i t  appears from the  graphs, the  R^ va lues  ob ta ined  from 
the  experiment a re  s e t  out on a s t r a i g h t - l i n e  drawn so as get 
the  s m a l le s t  d e v ia t io n .  Tables 3-4 shows the  R^ = f  (s) s t r a i g h t -  
l i n e  which were c a lc u la te d  and ta b u la te d  fo r  p a r t i c u l a r  con­
c e n t r a t io n s  of the  mobile phase and the  chromatographed sub­
s ta n c e .  The da ta  in  Tables 3-4 in d ic a te s  th a t  the  d i r e c t io n  co­
e f f i c i e n t s  of s t r a i g h t  l i n e s  grow to g e th e r  w ith  the  in c reased  
c o n c e n tra t io n  o f  the  more a c t iv e  component o f  the  mobile phase. 
The d i f f e r e n t i a t i o n  o f  those  param eters  fo r  p a r t i c u l a r  substances  
can a l s o  observed.
The s t r a i g h t - l i n e s  desc r ibed  can be used fo r  the  c a l c u l a ­
t io n  of the  Rj^j v a lues  of substances  on any adsorben t w ith  a 
given s p e c i f i c  su r fa c e  a re a .  A s e r i e s  o f  arduous measurements 
can be avoided in  t h i s  way. I t  i s  enough to  take  two m easure­
ments of p o ss ib ly  extreme va lues  in  o rder  to  draw s t r a i g h t ­
l i n e s  Rj^ j = f  ( s ) .  When param eters  a and b of two d i f f e r e n t  sub­
s ta n c e s ,  a re  known the s e p a r a b i l i t y  o f  such a m ix ture  can be 
c a lc u la te d  w ith  good approxim ation, w ith  the  use o f  the  given 
mobile phase.
I t  r e s u l t s  from Tables 1 and 2 and from the  graphs of 
dependencies R ^  ^ = f  (4^) p resen ted  in  F igures  6 ,7 , based on 
equation  1 th a t  those  t h e o r e t i c a l  R^ v a lues  a re  adequate r e p ­
r e s e n ta t io n s  of r e a l  R„. v a lu es .
The ob ta ined  r e s u l t s  seem to  suggest th a t  i t  i s  p o s s ib le  
to  t a b u la te  v a lues  a and b in  o rder  to  c a l c u la te  the  dependence 
o f  Rj^  = f  ( s ) .  I t  has a lso  been s ta t e d  th a t  th e re  i s  a gen era l  
dependence of the  param eters  of the  s t r a i g h t - l i n e  R^=as -I- b on 
the  d i f f e re n c e  of the  e lu t io n  s t r e n g th  o f  the  components o f  the  
mobile phase, and the adsorben t su r fa c e ,  occupied by the  s o lu te
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TABLE 3
Param eters of r e l a t i o n s h ip  = as + b
A. Param eters a x 10_3
Solvent system. CgHg-C^OH 
C oncen tra tion  of so lv en t  /CH^OH/
Solu te 0 ,0 0,1 0,3 0,5 0,7 0 ,9 1,0
Naphthalene 0,38 0,30 0,70 0,68 0,90 1,10 1,30
METHYLNAPHTHALENE 0,28 0,55 0,50 0,70 1,00 1,10 1,20
Chrysene 0,30 0,40 0,35 0, 60 0,75 0,75 0,60
Pyrene 0,35 0,60 0,60 0,70 1,10 1,10 1,20
Diphenyl 0,35 0,40 0,60 0,85 1,55 1,55 1,50
Fluoranthene 0,45 0,55 0,60 0,80 1,20 1,20 1,30
Solvent system. CgH6~C2H5OH
METHYLNAPHTHALENE 0,25 0,50 0,40 0,32 0,55 0,55 0,50
Chrysene 0,30 0,52 0,22 0,35 0,30 0,35 0,40
Pyrene 0,35 0,12 0,31 0,50 0,38 0,70 0,68
Diphenyl 0,33 0,40 0,22 0, 20 0,40 0,40 0, 80
94
TABLE 4
Param eters of r e l a t i o n s h ip  RM = as + b
B. Parameters b
Solvent systeml- C6H6 - CH.2 OH
C oncen tra tion of  so lv en t / c2h5oh/
Solu te 0 ,0 0,1 0,3 0,5 0,7 0,9 1,0
Naphthalene -0 ,43 -0,53 -0,65 -0,81 -0 ,90 -0, 94 -1 ,12
METHYLNAPHTHALENE -0,41 -0,53 -0,79 -0,86 -0,98 -0,99 -1,03
Chrysene -0 ,46 -0,51 -0,62 -0,79 -0,73 -0 ,72 -0,58
Pyrene -0,43 -0,57 -0,72 -0,85 -0,85 -0,87 -0 ,84
Diphenyl -0 ,46 -0,59 -0 ,79 -0,94 -1 ,06 -1,05 -1,13
Fluoranthene -0,39 -0,44 -0 ,64 -0 ,90 -0 ,89 -0,96 -0,92
Solvent system. C^Hg - C2:h5oh
METHYLNAPHTHALENE -0,33 -0,63 ■-0,68 - 0 ,80 - 0,71 -0,71 ■-0,62
Chrysene -0 ,34 -0,53 •-0,64 - 0,73 - 0,53 -0,58 -0,52
Pyrene -0 ,42  ■-0,52 -0,74 - 0,86 -0,76 -0,76 -0,72
Diphenyl -0,47 -0,61 -0,79 - 0,71 - 0,75 -0,75 -0,73
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Figs 4 and 5.
L inear r e l a t i o n s h ip  between v a lues  and s p e c i f i c  su rface  
a re a  o f  adso rben ts  (mg^/g). Solvent systems, benzene- e th a n o l . 
Experim ental d a ta ,  s t r a i g h t  l i n e  - t h e o r e t i c a l  da ta  c a lc u la te d  
from equation  1
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SOLVENT SYSTEM C6HgC2H5OH
F ig . 5
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F i g . 6
F ig s . 6 and 7 .
R e la t io n sh ip s  ip | )  - Experimental d a ta ,  l i n e s - t h e o r e t i c a l  data
c a lc u la te d  from eq u a t io n  1
VO
vO
s i l i c a  g e l  60 
s i l i c a  g e l  100
. - . -  s i l i c a  ge l  200 
------ s i l i c a  ge l  500
and the  components o f  the  mobile phase. This a f fo rd s  
a wider range of p o s s i b i l i t i e s  fo r  op tim iz ing  the  th in - l a y e r  
chromatography p ro cess .
The dependencies desc r ibed  above can undergo changes in  
the  case of s iev e  e f f e c t  lead in g  to  a n o n - l in e a r  form of 
equation  1. Consequently, the  a p p l i c a b i l i t y  of the  ob ta ined
dependencies should be l im ite d  to  the  va lues  o f  the  s p e c i f i c
2
su rface  50-500 m /g  (14).
I t  seems th a t  in v e s t ig a t io n s  p resen ted  above can be of 
g re a t  importance in  transfo rm ing  the  chromatographic da ta  of 
th in - l a y e r  chromatography to  the  co n d i t io n s  o f  l i q u id  column 
chromatography, due to  f req u en t d i f f e re n c e s  in  the  p ro p e r t i e s  
of the  s t a t io n a r y  phase in  both  methods, r e s u l t i n g  from th e i r  
n a t u r e .
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C R I T I C A L  E V A L U A T I O N  O F  O P T I M I Z A T I O N  M E T H O D S  
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In  t h i s  paper we want to  d iscu ss  a few p o in ts  in  r e l a t i o n  to  
o p t im iz a t io n  procedures  fo r  HPLC. The f i r s t  th in g  we s t r e s s  is  
th a t  o p t im iz a t io n  o f  any p rocess  i s  de f ined  only in  r e l a t i o n  to 
a given t a r g e t ,  and d i f f e r e n t  t a r g e t s  r e s u l t  in  d i f f e r e n t  optima.
B a s ic a l ly  th re e  approaches a re  p o s s ib le  in  o p t im iz a t io n ,  the 
f i r s t - h i s t o r i c a l l y  a l s o -  being experim ental s e l e c t io n  o f  parameters 
fo r  the  method, l e s s  e l e g a n t ly  h i t  or miss o p t im iz a t io n .  The 
p o s s i b i l i t i e s  of t h i s  ro u te  should no t be b e l i t t l e d ,  as most of 
the  e x c e l le n t  s e p a ra t io n s  in  LC have been developed in  t h i s  way, 
the  b e s t  scheme fo r  t h i s  was pub lished  long ago, and i s  p a r t  of 
every book and course  in  chromatography (1 ) .  A ll  t h i s  only shows, 
th a t  the  "Organic Computer" - c a l le d  the  Chromatographer - i s  
o f te n  a w ell programmed machine, as can be seen from the  literature, 
bu t i t  can be in d isp o sed ,  b ia sed  or j u s t  unlucky and the  desired 
s e p a ra t io n  i s  no t ready a f t e r  w asting  two months time and la rg e  
amounts of LC grade s o lv e n ts  - so t h i s  s o lu t io n  o f  s e p a ra t io n  
development i s  no t id e a l .
The second - o p p o s ite  - approach could be the  calculation of 
experim enta l param eters  from m athem atical m odelling of the  chro­
m atographic p ro cesse s .  At p re s e n t  t h i s  way i s  no t u sab le  fo r  d i ­
v e rse  systems, as our knowledge of the  physico-chem ica l processes 
involved in  the  s e p a ra t io n s  i s  i n s u f f i c i e n t  fo r  the  fo rm ula tion  
o f  the  m athem atical fu n c t io n s  n ece ssa ry  fo r  w idely  a p p l ic a b le  
models. This i s ,  we th in k ,  the  method of the  fu tu r e  and a marked 
in c re a s e  can be seen in  the  number of papers  r e f l e c t i n g  th i s  
approach. The da ta  thus amassed w i l l  se rve  as b a s is  fo r  the  theory 
sure  to  come. We fe e l jh o w e v e r , th a t  formal methods of optimization
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where th e  meaning o f th e  symbols i s  as fo llo w s:
P^ i s  th e  peak s e p a ra tio n  o f th e  i - t h  p a i r ,
Pq i s  th e  d e s ire d  minimum peak s e p á ra tio n ,
Rg  ^ i s  th e  re s o lu t io n  o f th e  i - t h  peak p a i r ,
R i s  th e  r e s o lu t io n  d e s ire d ,
so
a,ß,A ^,B  a re  w eighing f a c to r s ,
t^  i s  th e  r e te n t io n  tim e o f th e  l a s t  peak,
t^  i s  th e  maximum a llo w ab le  s e p a ra tio n  tim e,
P^n£ i s  th e  inform ing power o f th e  chromatogram,
in  co n s tan t tim e mode th e  in fo rm atio n  per u n it  
tim e ,
b is  th e  volume r a t i o  o f th e  m obile and s ta t io n a ry
p h a se s ,
A i-s th e  d if fe re n c e  in  p a r t i t i o n  coeffic ien tbetw een
th e  i - t h  and n ex t peaks,
N i s  th e  column p la te  number,
R i s  r e s o lu t io n .
As can be seen from th e  fu n c tio n s  above, th e  s e le c t io n  of 
s u i ta b le  q u a l i ty  c r i t e r io n  i s  no t s a t i s f a c t o r i l y  s e t t l e d  .Resolution 
and peak s e p a ra tio n  a re  eq u a lly  used to  c h a ra c te r iz e  s e p a ra tio n . 
The d if fe re n c e s  a re  p a r t ly  th e o r e t ic a l ,  bu t th e  p r a c t ic a l  aspects 
a re  a lso  im portan t. Using r e s o lu t io n  means p o s tu la t in g  Gaussian 
peak shapes, a lthough  we know th a t  th i s  i s  r a r e ly  th e  case in  
r e a l  chromatograms, a lso  i t  i s  d i f f i c u l t  to  measure precisely the 
param eters fo r  r e s o lu t io n  i f  th e  o v erlap  o f th e  peaks is  significant. 
S a tis fy in g  a g iven r e s o lu t io n  criterion^how ever^m eans g e t t in g  
peak a re a s  p re c is e  to  a p red e fin ed  degree , as c ro ss  contamination 
o f peaks i s  below th e  le v e l given by th a t  r e s o lu t io n  value .T he 
use o f peak s e p a ra tio n  on th e  o th e r  hand in c lu d es  no assumption 
as to  peak shapes, g ives ra p id  changes in  va lu e  as th e  se p a ra ­
t io n  g e ts  b e t te r  from v ery  bad and then  changes more slow ly , i t  
i s  easy to  measure fo r  badly  sep a ra ted  peaks, th e  va lu e  changes 
between zero and u n ity  on ly , but a g iven v a lu e  o f peak separation 
g ives no in fo rm atio n  about th e  degree o f c ro ss  con tam ination  .S till 
th e  use o f r e s o lu t io n  i s  somewhat more common, p o ss ib ly  because 
i t  i s  e a s ie r  to  f in d  m anually , bu t au th o rs  u sin g  com puters to
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an a ly se  th e  chromatogram w ithou t human in te rv e n tio n  u s u a lly  use 
peak s e p a ra tio n , as i t  i s  f a s t e r  to  f in d  by com puter.
The purpose fu n c tio n s  above a re  lim ite d  in  scope, as was 
d iscu ssed  by G lajch  (9 ) , as even th e  two used in  p r a c t ic e  can 
n o t d i f f e r e n t i a t e  between two se p a ra tio n s  w ith  d i f f e r e n t  numbers 
o f peaks w ith  v a rio u s  r e s o lu t io n s .  /The example quoted was fou r 
peaks w ith  re s o lu t io n s  0 .4 , 1 . 2 , 1 . 2  and f iv e  peaks w ith  reso l­
utions of 0.91 for a l l  four p a irs ./
From the o p tim iz a tio n  p o in t o f view samples can be classified  
in to  th re e  ty p e s , one being a m ix tu re  o f a known number o f  b a s i ­
c a l ly  known compounds, th e  m ix tu re  o f a known number o f a n a l y t i ­
c a l ly  s ig n i f i c a n t  compounds and a reaso n ab ly  s ta b le  background 
m ix tu re , which is  a lso  a v a i la b le  as a sample w ithou t th e  inportant 
components, and th i r d ly  a m ix tu re  o f  an unknown number o f unknown 
compounds. The f i r s t  two types can be handled by th e  CRF and COF 
fu n c tio n s  d e sc rib e d , bu t th e  th i r d  cannot.
For samples o f th e  th i r d  type , a purpose fu n c tio n  must be 
b ia sed  tow ards th e  e v o lu tio n  o f more peaks, th a t  i s ,  o f two chro­
matograms o f a sample, th e  one w ith  more peaks must be evaluated 
as b e t t e r ,  even i f  th e  s e p a ra tio n  q u a l i ty  is  w orse. This i s  
n ecessa ry  i f  one wants to  develop an au to m atic , hands o f f  separa­
t io n  system  fo r  unknown sam ples.
We th e re fo re  propose a new purpose fu n c tio n , w ith  th e  
fo llow ing  form:
n - 1
£  B.P. 
n j - 1  J J
CEF = 22 A. + --------------- 4.
i= l 1  n - 1
i s  1  fo r  th e  i - t h  peak i f  i t  i s  a n a ly t ic a l ly  significant, 
e ls e  0 ,
Bj i s  1  fo r  th e  j - t h  peak p a ir  i f  a t  le a s t  one o f the
peaks o f th e  p a ir  i s  a n a ly t ic a l ly  s i g n i f i c a n t , e ls e  0 ,
Pj i s  th e  peak se p a ra tio n  fo r  th e  j - t h  peak p a i r ,
n i s  th e  number o f peaks in  th e  chromatogram.
The fu n c tio n  a ss ig n s  th e  la rg e s t  v a lu e  to  th e  b e s t chromato­
gram, th i s  i s  equal to  n+ 1  in  th e  case o f b a se lin e  se p a ra tio n
- the  middle course - has a s i g n i f i c a n t  r o le  to  p lay  in  developing 
new LC s e p a ra t io n s .
A book has r e c e n t ly  been pub lished  by M assart e t  a l . ( 2 )  
about o p t im iz a t io n  of a n a l y t i c a l  methods. Some of th e se  methods 
have a lre ad y  been a p p l ied  to  chromatography, fo r  example the  
simplex techn ique fo r  the  o p t im iz a t io n  of the  param eters  of an 
i s o c r a t i c  s e p a ra t io n  of phospho lip ids  (3) or the  g ra d ie n t  sep ­
a r a t io n  of PTH-amino ac id s  (4 ) ,  the  window diagram method, an 
a p p l ic a t io n  of the  s te e p e s t  a scen t  method, see the  review  o f Laub
( 5 )  , or fo r  the  o p t im iz a t io n  o f  the  s e p a ra t io n  of weak o rgan ic
(6) or arom atic  ac id s  (7 ) .  The f a c t o r i a l  experim ental design  was 
used fo r  the  i d e n t i f i c a t i o n  o f  n a r c o t ic  drugs (8) and a method 
combining the  l a s t  two, c a l le d  overlapp ing  r e s o lu t io n  mapping, 
used in v a r io u s  s tu d ie s  (9 ,1 0 ) .  These methods a l l  assume th a t  
the s im p l i f ie d  model o f  the  given system used i s  adequate fo r  the 
s o lu t io n  o f  the  problem, which assumption i s  v e r i f i e d  only  in  a few 
c a s e s .
The im portant ques tion  in o p tim iz a t io n  i s  the  s e le c t io n  of 
the  purpose fu n c t io n .  Three have been pub lished  in  the  literature, 
two of them have been used in  p r a c t i c a l  s tu d ie s  ( 4 ,8 ) ,  w hile the 
t h i r d  (11), i s  no t s u i t a b le  in  i t s  p re s e n t  form fo r  p r a c t i c a l  
a p p l ic a t io n s .  The fu n c tio n s  a re  the  Chromatographic Response 
Function (4) e q . l . ,
n P.
CRF = a H  ln  - ± -  + ß ( t T + t M) 1.
i= l  P L Mo
the  Chromatographic O ptim ization  Function (9) e q .2 . ,  
n Rs.
COF = 22 A In 1- - + ß ( t L - t M) 2.
i= l  s
and the  Informing power of a chromatographic run (11) e q .3 . ,
P. , = 3.32 in f
l n ( l  + T- 2 Z  A i f , )  
D i= l  1
l n ( l  +
3 .
Vn 1
ÍR "  2
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fo r  each peak p a i r .  The advantage i s  th a t  the  chromatogram w ith  
one more peak i s  always eva lua ted  as b e t te r ,  as th e  c o n t r ib u t io n  
o f  th e  second term i s  always l a rg e r  than zero and not more than 
u n i ty .  This fu n c t io n  can handle samples of the  t h i r d  ca tego ry ,  
then a l l  c o n s ta n ts  A^, a re  equal to  one. The fu n c t io n  i s  biased 
in  the  d i r e c t io n  o f  more peaks and s e p a ra t io n  i s  cons idered  as 
o f  second importance only . The fu n c t io n  can d i f f e r e n t i a t e  s u f f i ­
c i e n t l y  between chromatograms w ith  the  same number o f  peak s ,b u t  
w ith  emphasis on average s e p a ra t io n ,  so one badly  sep a ra ted  peak 
p a i r  does no t cause the  fu n c t io n  va lue  to  decrease  too much i f  
the  r e s t  o f  the  s e p a ra t io n  i s  good. The fu n c t io n  does no t aim a t  
a minimum s e p a ra t io n ,  but such a requ irem ent can be incorporated 
a t  w i l l .  The time c o n s t r a i n t  inc luded  in  the  CRF and COF has to  
be l e f t  ou t ,  as i t  would c o n f l i c t  w ith  the  aim o f  f in d in g  the 
maximum number o f  peaks p o s s ib le .  A f i n a l  time c o n s t r a i n t  i s  
in h e re n t ly  inc luded  in  the  chromatography anyway, as peak b road­
ening w ith  in c re a s in g  r e t e n t io n  time l i m i t s  peak d e te c t io n  a f t e r  
a c e r t a in  time.
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INTRODUCTION
The mobile phase in  GC i s  an i n e r t  gas (hyd ro g en ,n itro g en ,  helium 
. . . e t c . )  which c a r r i e s  the  s o lu te  ( in  vapor form) through the  
l i q u id  phase, and does not a f f e c t ,  or c o n t r ib u te  to ,  the  separation 
p ro cess .  R e ten tion  in  GC i s ,  th e re f o r e ,  the  r e s u l t  o f  d i r e c t  
i n t e r a c t io n  between the  vapo rized  s o lu te  and the  l i q u id  phase, 
and s e p a ra t io n s  a re  achieved  by s o lu te  p o l a r i t y  d i f f e r e n c e s ,  
v o l a t i l i t y  d i f f e r e n c e s ,  m olecu lar  shape d i f f e re n c e s  o r ,  a combi­
n a t io n  o f  th e se  f a c t o r s .
In c o n t r a s t ,  the  mobile phase in  l i q u id  chromatography (LC), 
th in  la y e r  (TLC) and h igh  performance l i q u id  chromatography(HPLC), 
p lays  an im portan t ,  i f  no t a major, r o l e  in  the  s e p a ra t io n  process. 
The mobile phase determ ines no t only the  s e p a ra t io n  o f  the  com­
ponents in  a m ix tu re ,  but th e  degree o f  r e s o lu t io n  (how f a r  a re  
the  peaks from each o t h e r ) , s e l e c t i v i t y  ( th e  o rder  of e l u t i o n ) , 
and e lu t io n  tim es. Mobile phase s t r e n g th  ( p o la r i ty )  determ ines 
r e t e n t io n  tim e, and mobile phase com position determ ines selectivity 
and r e s o lu t io n .
S e le c t io n  o f  the  mobile phase in  l i q u id  chromatography i s  
based on the  p r o p e r t i e s  of the  s t a t io n a r y  phase, which, in  tu rn ,  
i s  chosen a f t e r  c o n s id e ra t io n  of the  p r o p e r t i e s  o f  the  s o lu te  
m ix tu re .  This a lso  determ ines the  chromatographic p rocess  used, 
e .g .  a d so rp t io n ,  p a r t i t i o n  or ion exchange. When pure so lv e n ts  
a re  used, they  a re  s e le c te d  from the  e lu t r o p ic  s e r i e s ,  in  which 
hexane i s  the  l e a s t ,  and w ater i s  the  most, p o la r .  However, when 
the  mobile phase i s  a b in a ry ,  or te rn a ry  m ix tu r e . . .  the  e lu t r o p ic  
s e r i e s  does not apply  and the  fo llow ing  equa tion  i s  used to
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determ ine the  p o l a r i t y  o f  the  mixed mobile phase:
P' = ?  i .  P.X II 1
Where <|> and P a re  molar f r a c t io n  and p o l a r i t y  of s o lv e n ts  i  in  
the  so lv en t  m ixture  which has a p o l a r i t y  of P ' . A d e t a i l e d  dis­
cuss ion  o f  t h i s  can be found in  re fe re n c e s  1 and 2.
The mobile phase in  ion exchange i s  an aqueous b u f fe r  
s o lu t io n  o f  known pH, which i s  determined by the  p r o p e r t i e s  of 
the  s o lu te  (a c id ic  or b a s ic ) .  The type of b u f fe r  (phosphate , 
a c e t a t e , e t c .) i t s  c o n c e n tra t io n  ( m o l e s / l i t e r )  and pH a f f e c t  the 
s e p a ra t io n .  The a d d i t io n  of o rgan ic  so lv en t  such as methanol, 
a c e t o n i t r i l e ,  t e t r a h y d r o f u r a n , e tc .  to  the  b u f fe r  s o lu t io n  can, 
in  c e r t a i n  cases ,  improve the  s e l e c t i v i t y  and r e s o lv in g  properties 
o f  the  mobile phase.
The o th e r  two main chromatographic p rocesses  a re  adsorption 
and p a r t i t i o n  in  which the  s t a t io n a r y  phases a re  s i l i c a  ge l  and 
m odified  s i l i c a  g e l .
In  m odified  s i l i c a  g e l ,  known as rev e rsed  phase, an organic 
moiety (R) i s  a t ta c h e d  to  the  s i ly n o l  group by s i l y l a t i o n  according 
to  the  fo llow ing  r e a c t io n :
-S i-  (OH) 3 ------------> -Si-R
CH3
where R i s  an a l i p h a t i c  chain  o f  any le n g th  rang ing  from C3 to 
C2 2 , a pheno lic  group, an a l i p h a t i c  chain  w ith  an -NH3 , -CN, or 
any o th e r  f u n c t io n a l  group. The a d d i t io n  of th e se  groups improves 
the  s e l e c t i v i t y  o f  the  s t a t io n a r y  phase due to  so lu te -s ta tionary  
phase i n t e r a c t io n s .  (A review  and d e t a i l e d  d isc u ss io n  of th i s  
to p ic  i s  found in  r e fe re n c e  2 ). The d is c u s s io n  here  w i l l  belimited 
to  the  r o l e  o f  the  mobile phase. Other m a te r ia l s  can be u sed ,b u t  
the  m a jo r i ty  o f  pub lished  work in  both TLC and HPLC i s  based on 
the  use o f  s i l i c a  ge l and rev e rsed  phases. For d e t a i le d  discussion 
of ad so rp t io n  chromatography see Reference 1.
In l i q u id  chromatography, the  r e l a t i o n  between the  s o lu te ,  
the  mobile phase and the  s t a t io n a r y  phase i s  r e p re s e n te d  by the  
t r i a n g l e  shown in  F igure  1. This means th a t  th e re  a re  th re e  types 
of in t e r a c t io n ;  so lu te -m o b ile  phase; mobile p h a s e - s ta t io n a ry  
phase; and s o lu t e - s t a t i o n a r y  phase. S epara t ion  o f  a m ix ture  i s  
achieved when an optimum balance i s  reached  between th e se  th re e
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i n t e r a c t io n s .  I f  the  i n t e r a c t i o n  between one p a i r  is  much stronger 
than  w ith  the  o th e r  two, poor, or no, s e p a ra t io n  r e s u l t s .  Also, 
when a m ixture  of so lv e n ts  a re  used as the  mobile phase so lv e n t -  
so lv en t  i n t e r a c t io n  and so lv en t  demixing ( in  TLC) must a l so  be 
c o n s id e re d .
In l iq u id  chromatography, u n l ik e  GC, the  mobile phase- 
s o lu te  and mobile p h a s e - s ta t io n a ry  phase i n t e r a c t io n s  a re  stronger 
than those  between s o lu t e - s t a t i o n a r y  phase, w ith  the  mobile phase- 
s o lu te  i n t e r a c t io n s  being the  most im portan t .  Examples a re  given 
l a t e r .
In p a r t i t i o n  chromatography s e p a ra t io n s  a re  a fu n c t io n  of 
the  p a r t i t i o n  c o e f f i c i e n t  of the  s o lu te s  between the  mobile and 
s t a t io n a r y  phases. The re a d e r  i s  r e f e r r e d  to  the  work of S co tt  
(3) on the  b i l a y e r  theo ry .  I f  a l l  the  s o lu te s  in  the  m ix ture  have 
the  same p a r t i t i o n  c o e f f i c i e n t ,  then the  s o lu te  m ix ture  e lu te s  
as one peak, i . e . ,  no s e p a ra t io n .  However, i f  th e  p a r t i t i o n  co­
e f f i c i e n t s  o f  a l l  the  components o f  the  m ixture  a re  d i f f e r e n t ,  
s e p a ra t io n  of a l l  the  components r e s u l t .  Thus, i f  the  s o lu te  
m ix ture  favors  one phase more than ano ther  and r e s id e s  in  th a t  
phase, poor, or no, s e p a ra t io n  i s  ob ta ined .  However, i f  the  
s o lu te s  r e s id e  in  both  phases, and th e se  r e t e n t io n  times a re  
d i f f e r e n t  fo r  each component r e s o lu t io n  i s  o b ta in ed .  In o th e r  
words, to  r e s o lv e  the  components of a m ix ture  the  chromatographer 
must c r e a te  co n d i t io n s  under which the  s o lu te s  a re  fo rced  each 
to  favor both  mobile and s t a t io n a r y  phases , d i f f e r e n t l y .  To 
ach ieve t h i s  e i t h e r  the  s t a t io n a r y  phase, the  mobile phase, or 
both  can be a l t e r e d .  I f  s e p a ra t io n  cannot be achieved on s i l i c a  
ge l  due to  the  p o l a r i t y  of the  s o lu te s ,  a nonpolar s t a t io n a r y  
phase must be s e le c te d .  The a n a ly s t  can a lso  change the  mobile 
phase from hexane to  e th y l  a c e ta t e ,  m ethanol, or any o rgan ic  
so lv en t  s e le c te d  from the  e lu t r o p ic  s e r i e s  when s i l i c a  ge l  or 
alumina i s  the  s t a t io n a r y  phase. Or an a l t e r n a t i v e  i s  to  change 
from m ethanol/w ater to  a c e t o n i t r i l e / w a t e r , or to  change the  ratio  
of w a te r /o rg a n ic  m od if ie r  when a rev e rsed  phase column or p la t e  
i s  being used. I f ,  when the  s o lu te  m ix ture  i s  sp o t te d  on the  TLC 
p la te  or in j e c te d  in to  the column, i t  does not e lu te ,  the  mobile 
phase used can be changed s in ce  i t  i s  c l e a r  th a t  the  s o lu te  
m ixture  p r e f e r s  the  s t a t io n a r y  phase (s tro n g  s o lu t e - s t a t i o n a r y
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phase i n t e r a c t io n  but weak mobile p h a s e -s o lu te  i n t e r a c t i o n ) . 
A l te rn a t iv e ly ,  the  s t a t io n a r y  phase can be changed when the solute­
s t a t io n a r y  phase i n t e r a c t io n  i s  weaker. However, i f  the  s o lu te  
moves w ith  the  so lv en t  f r o n t  the r e v e rs e  i s  t r u e ,  i . e . , s t r o n g  
so lu te -m o b ile  phase or weak s o lu t e - s t a t i o n a r y  phase interactions. 
Then e i t h e r  the  mobile phase or s t a t io n a r y  phase must be changed. 
I t  i s ,  o f  course , e a s i e r  and cheaper, e s p e c i a l l y  in  HPLC, to  
change or modify the  mobile phase. When pure o rgan ic  so lv en ts  
a re  used as the  mobile phase, the e lu t r o p ic  s e r i e s  g ives  an 
e x c e l le n t  guide to  the  s e le c t io n  of an a p p ro p r ia te  mobile phase 
depending on the  p ro p e r t i e s  o f  the s o lu te s .  When a m ix ture  of 
o rgan ic  or o rgan ic /aqueous so lv e n ts  i s  used, the  ta sk  o f  selec­
t in g  an optimum mobile phase becomes more complex (4-7) and 
p r e d ic t io n  o f  the  r e t e n t io n  times more d i f f i c u l t  (4 ) .  The analyst 
would, in  such cases ,  need a s t a t i s t i c a l  techn ique  to  o b ta in  
r e s o lu t io n  in  the  minimum amount of time. Recently , new ap­
proaches have been pub lished  (8-12) th e se  w i l l  be reviewed later. 
These methods of i s o c r a t i c  mobile phase s e le c t io n  fo r  optim al 
s e p a ra t io n  are  no t only sound, but can save the  a n a ly s t  time 
and m a te r ia l s ,  and make the  a n a ly s i s  more co s t  e f f e c t iv e .
EXAMPLES AND DISCUSSION
The f i r s t  to p ic  to  be d iscussed  i s  so lv en t  s t r e n g th  or 
p o l a r i t y  because i t  has been assumed th a t  s o lu te s  chromatographed 
in  m obile  phases  w i th  th e  same s o lv e n t  s t r e n g t h  w i l l  have th e  
same r e t e n t io n  tim es. The r e l a t i o n  between r e t e n t io n  time and 
so lv en t  s t r e n g th  i s  d esc r ibed  by the  fo llow ing  equation :
l o g  k | / k 2 = a A g (e°  - e£)  (I)
Where k ’ i s  the ca p a c i ty  f a c to r ,  and e° i s  the  so lv en t  s t r e n g th  
param eter of so lv e n ts  1 and 2. As i s  the  m olecular a rea  o f  the 
adsorbed sample and a i s  adsorben t su r face  a c t i v i t y  fu n c t io n ,
K'= (Rt  - Rt o ) / Rto  ( I I )
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Where R. i s  th e  r e t e n t i o n  tim e o f  u n r e t a in e d  s o l u t e .  I t  was to
found t h a t  th e  r e l a t i o n  in  e q u a t io n  I  does n o t  always h o ld  (4, 
1 3 ,1 4 ) .  For example, when th e  m ob ile  phases  ( a c e t o n i t r i l e / w a t e r  
and m e th a n o l /w a te r )  which have th e  same s o lv e n t  s t r e n g t h  calculated 
a c c o rd in g  to  eq . I  were used  to  e l u t e  th e  same s o l u t e s  /naphthalene 
and b ip h e n y l )  on th e  same s o l i d  phase  (C^g) t h e  r e t e n t i o n  t im es  
were n o t  th e  same ( 4 ) .  A term  was l a t e r  added to  eq . I  which 
a c co u n te d  f o r  s o l v e n t - s o l u t e  i n t e r a c t i o n s  ( 1 3 ,1 4 ) .
S ince  d i f f e r e n t  s o lv e n t s  g iv e  d i f f e r e n t  s e l e c t i v i t i e s  (2 , 
4 ,1 5 - 1 8 ) ,  chang ing  th e  s o lv e n t  c o m p o s i t io n  may r e s u l t  in  d ifferent 
e l u t i o n  o r d e r s  depending  on th e  p r o p e r t i e s  o f  t h e  sample m ix tu re  
and th e  s o lv e n t  chosen . For a m obile  phase  m ix tu re ,  in  g e n e ra l  
s o lv e n t  s t r e n g t h  ( p o l a r i t y )  d e te rm in e s  th e  e l u t i o n  d i s t a n c e  o f  
t h e  s o l u t e s  ( i . e .  Rt ) when m ix tu re s  o f  th e  same b in a r y  s o lv e n t s  
a r e  u se d ,  w h i le  m ob ile  phase  c o m p o s i t io n  d e te rm in e s  th e  se lec tiv ity .  
The c o m p o s i t io n  o f  th e  m ob ile  phase  a l s o  d e te rm in e s  th e  deg ree  
o f  s e p a r a t i o n  ( a ) ,  between two a d ja c e n t  peaks i  and i i ,  where
e = k ’ i i / k ^  (HO
Based on S n y d e r ’ s th e o ry  (1 2 ) ,  Saunders  (17) p r e s e n t e d  a 
g r a p h i c a l  r e p r e s e n t a t i o n  based  on e f o r  s e l e c t i n g  a s o lv e n t  
f o r  a d s o r p t io n  l i q u i d  chrom atography . The a p p l i c a t i o n  o f  th e s e  
g raphs  i s  r a p i d  and p ro v id e s  a r e a s o n a b le  f i r s t  a p p ro x im a t io n  
to  a s o lv e n t  m ix tu re  a p p r o p r i a t e  f o r  a g iven  sam ple. I t  
must be s t r e s s e d  t h a t  th e  r e s u l t s  a r e  o n ly  ap p ro x im ate ;  in  some 
c a se s  th e  s o lv e n t  m ix tu re  w i l l  n o t  be i d e a l .
For a g iven  sample and a d s o rb e n t ,  log  K’ v a r i e s  l i n e a r l y  
w i th  e . This  i s  g e n e r a l l y  t r u e  f o r  k ’ v a lu e s  between 1 and 
10, which i s  an a c c e p ta b l e  working ran g e  a l lo w in g  s e p a r a t i o n  o f  
a component from th e  m ix tu re ,  w i th o u t  l e a d in g  to  d i l u t i o n  o f  
t h e  sam ple, o r  long  r e t e n t i o n  t im e s .  S o lv e n t  s t r e n g t h  ( p o l a r i t y )  
g iv e s  a g e n e ra l  i n d i c a t i o n  o f  s o l u t e  r e t e n t i o n  b u t  i t  may n o t  
p r e d i c t  t h e  c o r r e c t  r e t e n t i o n  t im es  ( 4 ,8 ,1 6 ,1 8 ) .  F ig u re s  2 and 
3 and Tab le  I  i l l u s t r a t e  t h i s  p o i n t .
113
TA3LE I
EFFECT OF BINARY SOLVENT COMPOSITION ON R- AND a VALUES IN 
REVERSED PHASE TLC (P ’ = 4 .3 )  1
SOLVENT
BeP
Rf  X100
r ANTHRACENE
a
ethano l 63 73 1.16
n -p ro p an o l/w a te r 60 70 1.17
n -p ro p an o l/m e thanoi 71 81 1.14
n -b u ta n o l /w a te r 60 76 1.27
n -bu tano l/m ethano l 72 78 1.08
i-p ropano l/m e thano l 56 68 1.21
t-b u tan o l /m e th a n o l 49 60 1.24
n -b u ta n o l /a c e to n e 80 85 1.06
n -p ro p an o l/ace to n e 75 81 1.08
For o th e r  examples see r e fe re n c e  4.
Another a sp ec t  o f  th e  r o le  o f  the  so lv en t  in  l i q u id  
chromatography i s  the  s e l e c t i v i t y  o f  the  mobile phase chosen. 
S o lu tes  may no t e l u t e  in  the  same way in  d i f f e r e n t  mobile phases 
a good example i s  given in  Table I I :
TABLE I I
EFFECT OF MOBILE PHASE COMPOSITION ON SOLUTE ELUTION ORDER
MOBILE PHASE ORDER OF ELUTION*
72% Meth ano i/w ate r N, A, B, M, E
64% A c to n t r i l e /w a te r A, N, M, B, E
42% THF/water A, M, N, E, B
Where N = n ap h th a len e , B = b ipheny l,  A = a n th ra q u in o n e , 
M = m ethy lan thraqu inone , E = e th y lan th raq u in o n e
C^g rev e rsed  phase column was used.
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The Chromatographic System
Solute
Phase
Mobile
Phase
Figure 1. The Chromatographic p rocess
Another a sp ec t  o f  rev e rsed  phase chromatography i s  th a t  
the  volume of w ater a f f e c t s  the  r e s o lu t io n  and r e t e n t io n  times 
o f  a s o lu te  m ix tu re .  The more o rgan ic  in  n a tu re  the  s o lu te  tnodifer 
the  l a r g e r  i s  the  percen tage  of w ater in  the  b in a ry  mobile phase. 
The percen tage  o f  w ater in  m e th an o l/w a te r , a c e t o n i t r i l e / w a t e r  
and THF/water in c re a se s  from say 20% to  35% to 55% re s p e c t iv e ly .  
This may be due to  the  f a c t  th a t  o rgan ic  m o d if ie r s ,  which would 
d is s o lv e  the  o rgan ic  s o lu te s ,  r e q u i r e  w ater to  achieve d i f f e r e n t  
s o lu te  d i s t r i b u t i o n  c o e f f i c i e n t s .  Water a lso  a id s  in  the  formation 
o f  a b i l a y e r  on the  bonded a lk y l  chain  (3) which’ a f f e c t s  the  
d i s t r i b u t i o n  o f  the  s o lu te  between the  mobile and s t a t io n a r y  
phases which a f f e c t s  in  the  s e p a ra t io n .
Table I I I  shows how w ater in f lu e n c e s  the  s e p a ra t io n  on a 
C^g rev e rsed  phase column when d i f f e r e n t  a l i p h a t i c  a lco h o ls  are  
used as o rgan ic  m o d if ie rs .
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Figure  2. Comparative HPLC se p a ra t io n  o f  d im e th y lp h th a la te  
(a) and d ie th y l - p h th a la t e  us ing  a rev e rsed  phase 
Ci8 column in  two d i f f e r e n t  mobile phases having 
the  same p o l a r i t y ;  53% m ethanol/w ater  and 62% ace- 
t o n i t r i l e / w a t e r  a t  a flow r a t e  o f  1.2 ml/min.
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Figure 3. Comparative HPLC se p a ra t io n  o f  benzo £a"] pyrene 
( a ) , naphthacene (b) and an th racene  (c) us ing  a 
u P o ra s i l  column and two d i f f e r e n t  mobile phases 
having the  same p o la r i t y ;  2% e th y l  ace ta te /h e x a n e  
( l e f t )  and 2.15% chloroform /hexane ( r ig h t )
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TABLE I l i
E F F E C T  O F  W A T E R  C O N T E N T  O N  T H E  S E P A R A T I O N  O F  B E N Z O ( e ) P Y R E N E  A N D  
A N T H R A C E N E  O N  C l g  R E V E R S E D  P H A S E  P L A T E S ,  U S I N G  A L C O H O L S  O F  
D I F F E R E N T  N O R M A L  C H A I N  L E N G T H
ALCOHOL 7. a
Methanol 95 1 . 7 4
Ethanol 100 1.16
85 1.52
78 1.65
n-Propanol 95 1.17
83 1.34
74 1.46
The nex t example, Table IV, shows th a t  when the  r i g h t  
mobile phase i s  used s e p a ra t io n  i s  ach ieved . The ta b le  shows 
th a t  the  s e p a ra t io n  o f  a f l a to x in s  , B2 , G^  and G2  on Backerflex 
s i l i c a  ge l p l a t e s  was achieved  in  c h lo ro fo rm :a c e to n e : ammonium 
hydroxide (90 :10 :0 .25 )  and in  ch lo ro fo rm :ace tone:hexane  
(85:15:20) but no t in  the  o th e r  te n  mobile phases .
T A B L E  I V
E F F E C T  O F  M O B I L E  P H A S E  O N  T H E  S E P A R A T I O N  O F  A F L A T O X I N S  B - p  B 2 >  
G 1 A N D  G 2 O N  B A K E R F L E X  S I L I C A  G E L  P L A T E S
Rf x 1 0 0
SOLVENT RATIO B, b 2 Gi G;
Chloroform Acetone: Water 88:12:1.5 63 63 52 52
Chloroform:Tetrahydrafuran 90:10 48 48 33 33
Chloroform: Acetone 90:10 42 37 37 31
Benzene:Methanol:Acetic Acid 90:5:5 27 27 20 20
ChloroformAcetic Acid:Ether 17:1:3 99 99 88 88
Chloroform Acetone: Ammonium Hydroxide 90:10:0.25 63 57 52 46
Chloroform:Acetone:Hexane 85:15:20 68 61 52 45
ChlorofomrMethanol 4:1 96 96 96 96
Toluene:Ethy! Acetate:Formic Acid 6:3:1 99 76 76 61
Toluene:Ethyl Acetate:Chloroform:Formic Acid 70:50:50:20 99 89 89 76
Benzene:Ethanol 95:5 95 95 82 82
ChlorofomrMethyl Isobutyl Ketone 4:1 99 95 45 76
Bakerflex silica gel plates, 0.1 mm layer.
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The so lv e n ts  in  Table IV were s e le c te d  m ainly by t r i a l  and 
e r r o r  based on the  p r o p e r t i e s  o f  both  the  s o lu te  and the  stationary 
phase. System atic  approaches to  the  s e le c t io n  o f  a m obile phase 
th a t  w i l l  give optimum s e p a ra t io n  u s ing  normal and re v e rse d  phase 
TLC p la t e s  (9) and HPLC columns (8-12) have been p u b lished .  The 
methods a re  based on s t a t i s t i c a l  c a l c u la t io n s ,  whereby peak p a i r  
r e s o lu t io n  i s  p lo t t e d  versus  mobile phase com position. The resulting 
o verlapp ing  r e s o lu t io n  mapping (ORM) p lo t s  in d i c a te  a rea s  of 
maximum p a i r  r e s o lu t io n .  The union o f  the  peak pair(ORM)plots 
w i l l  g ive  the  reg io n  where a l l  r e s o lu t io n s  a re  above a le v e l  
predeterm ined  by the  a n a ly s t .  The procedure fo llow ed i s  very  
simple and i s  summarized below fo r  the  methods o f  G lajch e t  a l  
(8) and Is sa q  e t  a l  (9 ) .
Combinations o f  th re e  so lv e n ts  A, B and C a re  devised  
accord ing  to Table V; o th e r  combinations may a lso  be used. The 
i n i t i a l  so lv e n ts  may be pure o r  a m ix ture  o f  s o lv e n ts ,  two 
o rgan ic  fo r  normal phase, w a te r /o rg a n ic  m o d if ie r  fo r  rev e rsed  
phase. A f te r  s e l e c t in g  the  so lv en ts  and p ro p o r t io n s  (Table V), 
te n  run one fo r  each so lv en t  combination a re  made. These a re  
used to  c a l c u la te  the  r e s o lu t io n s  o f  each p a i r  o f  compounds in  
the  m ix tu re .  I f  no peak c ro ssover  tak es  p lace  th e  r e s o lu t io n  
between each p a i r  (1-2 , 2-3, 3 - 4 . . . e tc )  i s  used. I f  péak crossover 
does occur the  r e s o lu t io n  between a l l  the  peaks i s  c a lc u la te d  
(1 -2 , 1-3, 1 -3 ,1 -4 ,  2-3, 2-4, 3 - 4 . . . e t c . ) ,  and used in  determining 
the  optimum mobile phase.
In the  I s sa q  e t  a l  system (9 ) ,  two computer programs a re  
used to  p r e d ic t  optimum so lv en t  com position. The f i r s t  i s  a 
FORTRAN program (PEAKIN) which re a r ra n g e s  r e s o lu t io n s  to  c o r r e c t  
fo r  c ro sso v er  and produces a da ta  f i l e  s u i t a b l e  fo r  use in  the 
nex t program. The second program i s  a SAS ( S t a t i s t i c a l  A nalysis  
System - v e rs io n  79.5) ro u te  (19). A DATA paragraph  converts  the 
th ree -d im e n s io n a l  so lv en t  com positions to  a two-dim ensional 
t r i a n g l e  r e p r e s e n ta t io n  as used by Snee (20). The d a ta  a re  f i t t e d  
in to  a cubic model fo r  a th ree -d im e n s io n a l  system. The parameters 
o f  the  cubic equa t ion  fo r  each s e t  o f  peak r e s o lu t io n s  a re  computed 
us ing  the  gen era l  l i n e a r  model (GLM) procedure . The PRINT p roce ­
dure l i s t s  p re d ic te d  r e s o lu t io n s  o f  each peak p a i r  fo r  a l l  solvent 
com binations v ary ing  each so lv en t  from zero to  100 p e rce n t  by
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27o increm ents (Table VI). Contour p l o t s ,  of the  reg io n  where the  
p re d ic te d  r e s o lu t io n  above a d e s i re d  le v e l  determined by the 
a n a ly s t ,  a re  produced us ing  the  PLOT procedure . The union of 
th e se  p lo t s  showing the  reg io n  where a l l  r e s o lu t io n s  a re  above 
t h i s  l e v e l ,  and p lo t s  showing the  a rea  o f  maximum t o t a l  resolution, 
a re  a lso  produced us ing  PLOT. A flow c h a r t  o f  the procedure is  
shown in  F ig .4. (See Ref. 9 fo r  d e t a i l s . )
I d e a l ly ,  where a combination o f  th re e  m o d if ie rs  and a base 
so lv en t  i s  used the  reg io n  o f  the  optimum mobile phase m ixture  
found from the ORM c a lc u la t io n s  w i l l  be in  the  c e n te r  o f  the 
t r i a n g l e  which means th a t  a l l  the  so lv en ts  used c o n t r ib u te  to  
the  s e p a ra t io n  p ro cess .  I f  one of the  m o d if ie rs  (A) i s  no t id e a l ,  
the  optimum m ix ture  w i l l  be composed of the o th e r  two m o d if ie rs  
(B and C), w ith  only a small amount o f  A. T here fo re ,  the  optimum 
reg ion  can in d i c a te  which o f  the th re e  m o d if ie rs  i s  a poor cho ice . 
The base so lv en ts  a re  w ater fo r  rev e rsed  phase, and hexane (8) 
or chloroform  (9) fo r  normal phase. Other so lv e n ts  fo r  normal 
phase may a lso  be used. A good c o r r e l a t i o n  between p re d ic te d  and 
experim ental r e s o lu t io n  was found (9 ) .
TABLE V
C O M B I N A T I O N  O F  S O L V E N T S  A ,  B  A N D  C  U S E D  I N  T H I S  S T U D Y  T O  
P R E D I C T  O P T I M U M  M O B I L E  P H A S E  C O M P O S I T I O N S
Solvent A %  Solvent B 7a Solvent
100 0 0
0 100 0
0 0 100
50 50 0
50 0 50
0 50 50
33 33 33
67 16 16
16 67 16
16 16 67
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I INPUT BASE SOLVENTS |A.B,C) |
F ig u re  4 Flow chart of the procedure 
used in the solvent 
optimization study
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TABLE VI
TABULATION OF RESOLUTION VALUES AND MOBILE PHASE COMPOSITION 
AS PREDICTED BY THE COMPUTER
5 T A T I S T I C A l  A N A L Y S I S  S Y S T E M
G T R E S = 1 -  R E S O L U T I O N S . 2 5 G T R E S = 0 -  R E S O L U T I O N < = 2 . 2 5
S OLVENT' STUDY -  A - C H 3 0 H , B = C H 3 C N , . C - T H F
OBS A B C P EAK 1 P E AK2 R E S P R E D
1 1 7 6  1 0 . 6 6 0 . 2 6 0 . 0 8 1 2 1 . 2 3 6 2
1 1 7 6 2 0 . 6 6 0 . 2 6 0 . 0 8 1 3 6 . 3 2 7 3
1 1 7 6 3 0 . 6 6 0 . 2 6 0 . 0 3 1 6 S . 6 5 5 7
1 17 6 6 0 . 6 6 0 . 2 6 0 . 0 6 1 5 1 0 . 3 6 5 9
1 1 7 6 5 0 . 6 6 0 . 2 6 0 . 0 3 2 3 5 . 0 9 3 1
1 1 7 6 6 0 . 6 6 0 . 2 6 0 . 0 3 o 6 7 . 2 2 1 5
1 1 7 6 7 0 . 6 6 0 . 2 6 0 . 0 3 2 5 9 . 1 3 0 6
1 1 7 6 S 0 . 6 6 0 . 2 6 0 . 0 8 3 6 2 . 1 2 8 3
1 1 7 6 9 0 . 6 6 0 . 2 6 0 . 0 8 3 5 6 . 0 3 7 8
1 1 7 7 0 0 . 6 6 0 . 2 6 0 . 0 8 4 5 1 . 9 0 9 1
1 1 7 7  1 0 . 6 6 0 . 2 8 0 . 0 6 1 2 0 . 9 2 8 0
1 1 7 7 2 0 . 6 6 0 . 2 8 0 . 06 1 3 6 . 5  1 80
1 1 7 7 3 0 . 6 6 0 . 2 3 0 . 0 6 1 6 8 . 5 5 6 9
1 1 7 7 6 0 . 6 6 0 . 2 8 0 . 06 1 5 1 0 . 7 1 1 9
1 1 7 7 5 0 . 6 6 0 . 2 8 0 . 0 6 2 3 5 . 5 9 0 0
1 1 7 7 6 0 . 6 6 0 . 2 3 0 . 0 6 2 6 7 . 6 2 9 0
1 1 7 7 7 0 . 6 6 0 . 2 8 0 . 0 6 2 5 9 . 7 8 6 2
1 1 7 7 8 0 . 6 6 0 . 2 8 0 . 0 6 3 6 2 . 0 3 3 9
1 1 7 7 9 0 . 6 6 0 . 2 8 0 . 0 6 3 5 6 .  1 9 6  1
1 1 7 8 0 0 . 6 6 0 . 2 8 0 . 0 6 4 5 2 .  1 5 5 2
1 1 7 8 1 0 . 6 6 0 . 3 0 0 . 0 6 1 2 0 . 6 0 6 1
1 1 7 8 2 0 . 6 6 0 . 3 0 0 . 0 6 1 3 6 . 7 2 2 3
1 1 7 8 3 0 . 6 6 0 . 3 0 0 . 0 6 1 6 3 . 6 S S 8
1 1 7 8 6 0 . 6 6 0 . 3 0 0 . 0 6 1 5 1 1 . 1 0 0 6
1 1 7 8 5 0 . 6 6 0 . 3 0 0 . 0 6 2 3 6 . 1 1 6 3
1 1 7 8 6 0 . 6 6 0 . 3 0 0 . 0 6 2 6 8 . 0 8 2 7
1 1 7 S 7 0 . 6 6 - 0 . 3 0 0 . 06 2 5 1 0 . 6 9 6 0
1 I 7 S 8 0 . 6 6 0 . 3 0 0 . 0 6 3 6 1 . 9 6 6 5
1 1 7 8 9 0 . 6 6 0 . 3 0 0 . 0 6 3 5 6 . 3 7 9 2
1 1 7 9 0 0 . 6 6 0 . 3 0 0 . 0 6 4 5 2 . 6 1 3 3
1 1 7 9  1 0 . 6 6 0 . 3 2 0 . 0 2 1 2 0 . 2 6 8 5
1 1 7 9 2 0 . 6 6 0 . 3 2 0 . 0 2 1 3 6 . 9 6 0 3
1 1 7 9 3 0 . 6 6 0 . 3 2 0 . 0 2 1 6 8 . 8 5 1 3
1 1 7 9 6 0 . 6 6 0 . 3 2 0 . 0 2 1 5 1 1 . 5 3 1 3
1 1 7 9 5 0 . 6 6 0 . 3 2 0 . 0 2 2 3 6 . 6 7  18
1 1 7 9 6 0 . 6 6 0 . 3 2 0 . 0 2 2 6 8 . 5 S 2 3
1 1 7 9 7 0 . 6 6 0 . 3 2 0 . 0 2 2 5 1 1 . 2 6 6  1
1 1 7 9 8 0 . 6 6 0 . 3 2 0 . 0 2 3 6 1 . 9 1 1 0
1 1 7 9 9 0 . 6 6 0 . 3 2 0 . 0 2 3 5 6 . 5 9 3 3
1 1 8 0 0 0 . 6 6 0 . 3 2 0 . 0 2 4 5 2 . 6 8 3 3
1 1 80  1 0 . 6 6 0 . 3 6 0 . 0 0 1 2 - 0  . 0 8 6 7
1 1 8 0 2 0 . 6 6 0 . 3 6 0 . 0 0 1 3 7 . 1 7 1 8
1 I SO 3 0 . 6 6 0 . 3 6 0 . 0 0 1 6 9 . 0 6 6 3
1 1 3 0 6 0 . 6 6 0 . 3 6 0 . 0 0 1 5 1 2 . 0 0 6 3
1 1 S 0 5 0 . 6 6 0 . 3 6 0 . 0 0 2 3 7 . 2 5 6 5
1 1 8 0 6 0 . 6 6 0 . 3 6 0 . 0 0 2 6 9 . 1 2 9  1
1 1 8 0 7 0 . 6 6 0 . 3 6 0 . 0 0 2 5 1 2 . 0 9 6 3
1 1 3 0 8 0 . 6 6 0 . 3 6 0 . 0 0 3 6 1 . 8 7 2 5
1 1 8 0 9 0 . 6 6 0 . 3 6 0 . 0 0 3 5 6 . 8 3 6 3
122
C 1 0 0 % THF
B 100% CH3 CN
Figure 5 Solvent selection using two organic modifiers according to 
Belinsky. See text for details.
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HoO
C H 3 C N / H 2 O T H F / H 2 O
Figure 6 Solvent selection using two organic modifiers as described in the 
present study
Belinky (21) used two o rgan ic  m o d if ie rs  and w ater to  
ach ieve  s e p a ra t io n s  in  rev e rsed  phase HPLC. His system desc r ibed  
in  Fig. (5) re q u ire d  17 da ta  p o in ts  to  ach ieve an optimum mobile 
p h a se .
Our approach to  two o rgan ic  m o d if ie rs  i s  s im pler and 
r e q u i r e s  only  te n  da ta  p o in ts  (see  F i g . 6). A computer program
(9) i s  used to  s e l e c t  the  mobile phase which w i l l  g ive  optimum 
r e s o lu t io n  o f  the  components in  a m ix ture .
The contour p lo t  fo r  two o rgan ic  m o d if ie rs  i s  shown in  
Fig. (7 ) .  Table VII compares p re d ic te d  and experim ental peak 
p a i r  r e s o lu t io n s  u s ing  95% m ethanol/w ater  and 75% 2 - ethoxyethanol/ 
w a te r .
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Figure 7 S ta t is tica l solvent selection using two organic modifiers, B and C
TABLE VII
PREDICTED AND EXPERIMENTAL PEAK PAIR RESOLUTIONS FOR N-M, M-E AND E-D, 
USING REVERSED PHASE Clg TLC PLATES AND SELECTED MOBILE PHASES FROM THE 
CONTOUR PLOT
SELECTED MDBILE PHASE COMPOUND
PREDICTED
RESOLUTION
EXPERIMENTAL
RESOLUTION
957, Methanol: 75% 2-Ethoxyethanol D
(2:3) E 8.1 8.1
M 5.8 5.4
N 3.5 3.6
95% Methanol: 75% 2-Ethoxyethanol D
(3:2) E 7.9 7.9
M 5.1 5.0
N 3.5 4.2
Where: N = naph tha lene  E = 1 -e th y ln ap h th a len e
M = m ethylnaphthalene D = 1 , 3-d im ethy lnaph thalene
Another approach to  so lv en t  o p t im iz a t io n  i s  the  window 
diagram techn ique  developed by Laub and P u rn e l l  (11) and based 
on a m athem atical f u n c t io n a l  r e l a t i o n s h ip  between r e s o lu t io n  
and mobile phase com position. The o r ig i n a l  paper should be 
consu lted  fo r  d e t a i l s .  This techn ique  has been used to  sepa­
r a t e  a n ine  component m ixture  (12).
R ecently  (22),  ano ther  approach to  so lv en t  o p t im iz a t io n  
was pub lished  based on the  l i n e a r  r e l a t i o n s h ip  between log K’ 
and log mole f r a c t io n  o f  the  s o lv e n t .  This approach i s  no t as 
sound or gen era l  as the  s t a t i s t i c a l  approaches d iscu ssed  earlier.
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CONCLUSION
I t  i s  c l e a r  from the  d is c u ss io n  above th a t  the  mobile 
phase p lays  an im portan t r o l e  in  l i q u id  chromatography. R ece n t ly , 
s e l e c t io n  of the mobile phase fo r  optim al s e p a ra t io n  has been 
s im p l i f ie d ,  and i t  i s  no longer merely a fu n c t io n  o f  o p e ra to r  
i n t u i t i o n ,  or a t r i a l  and e r r o r  approach, bu t i s  based on sound 
s c i e n t i f i c  techn iques .
Mobile phases a re  s e le c te d  on the  b a s is  o f  the  p ro p e r t i e s  
o f  the  sample and the  s t a t io n a r y  phase which, in  tu rn ,  determ ine 
the  chromatographic p rocess  chosen. D if f e r e n t  s e l e c t i v i t i e s  and 
e lu t io n  times may be ob ta ined  by changing the  mobile phase n a tu re  
and com position.
In conc lusion , s u b t le  a l t e r a t io n s  o f  the  mobile phase give 
the  l i q u id  chromatographer a powerful to o l  fo r  s e p a ra t in g  complex 
m ix tu r e s .
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SUMMARY
P o in ts  o f  ge l chromatographic e l u t io n  curves were approximated 
w ith  the  a id  o f  th e  Gaussian formula. The c a lc u la te d  va lues  were 
o b ta in ed  in  re v e rs e  tra n sm is s io n  (100-T%) u n i t s .  The s u p e rp o s i­
t i o n  o f  s e v e ra l  v a lu es  can be performed a f t e r  the  (100-T7.) u n i t s  
had been transform ed  in to  e x t in c t io n s  to  o b ta in  the  p o in ts  of the 
chromatographic e lu t io n  p r o f i l e ,  the  e x t in c t io n  va lues  have to  
be transform ed  back in to  r e v e rs e  t ra n sm is s io n .  A s in g le  e l u t io n  
curve as w ell as the  s u p e rp o s i t io n  o f  s e v e ra l  such curves may be 
c a l c u la te d  w ith  a H ew lett-Packard  HP-97 c a l c u la to r  us ing  simple 
program s.
The problem of optim al sample s iz e  i s  analyzed and the  e f ­
f e c t  of in c re a s in g  sample s iz e  i s  in v e s t ig a te d  w ith  th e  a id  of 
c a lc u la te d  curves .
The fractionation of the effluent according to the standard 
deviation of the elution curve has been suggested. A formula 
which is easy to calculate is introduced for the estimation of 
the number of fractions to be collected until the peak maximum, 
namely
that is the number of fractions is equal to the square root of 
the theoretical plates.
The correctness of this statement, namely that it means an 
optimal fractionation, is verified by the help of a calculation 
program and different calculations.
Calculation program was composed for the simulation of the 
joint effect of increasing sample size and collection of fractions 
with different sizes.
INTRODUCTION
The numerical calculation of elution curves is widely used 
both in gas and in liquid column chromatography. The asymmetry 
of peaks however requires the application of rather complicated 
mathematical formulas.
Buys, de Clerk and P re to r iu s  (1-5) e la b o ra te d  the  method of
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eq u iv a le n t  Gaussian i n l e t  p r o f i l e  as w ell as the  f i r s t , s e c o n d  
and t h i r d  moment a n a ly s i s  o f  n o n - l in e a r  chromatography. Both 
the  m athem atical formulas and the  methods a re  r e a l l y  b r i l l i a n t  
but somehow too com plicated fo r  the  p r a c t i c a l  use of everyday 
work.
The ge l  chromatographic e lu t io n  curves can a lso  be ap p ro x i­
mated by num erical c a l c u la t io n s .  The p rocess  and m athem atical 
models were d iscussed  in  d e t a i l  during  the  Symposium on Ana­
l y t i c a l  Gel Permeation Chromatography (6 ) .  P ie rc e  and Armonas
(7) d esc r ib ed  t h e i r  method o f  so lv ing  Tung's Axial D iffu s ion  
Equation (8) fo r  ge l  perm eation chromatography. Meyerhoff (9) 
in troduced  the  comparison o f  some ge l  perm eation e l u t io n  curves 
and the  c a lc u la te d  ones. P ic k e t t  e t  a l  (10) d iscu ssed  the  problem 
of  resh ap in g  o f  e l u t io n  curves .
E a r l i e r  d a ta  on the  sample s iz e  param eter re p o r te d  th a t  
the  maximum amount o f  sample (volume) i s  a very  im portan t p a r a ­
m eter o f  chromatographic s e p a ra t io n s .  The l a rg e r  the  volume of 
sample to  be chromatographed, the  b igge r  the  amount o f  substance 
th a t  can be taken fo r  s e p a ra t io n .  On the  o th e r  hand, s e v e ra l  
au th o rs  have observed the  decrease  o f  s e p a ra t io n  characteristics 
w ith  in c re a sed  sample volume (11-13) . The s o lu t io n  o f  the  problem 
of  how to  avoid the  decrease  o f  e f f i c i e n c y  of chromatographic 
column, depends on the  ap p l ied  techn ique  o f  l i q u id  chromatography.
K irk land  (11) suggested l i m i t a t i o n  of sample s iz e  from 
the  p o in t  o f  view o f  observed e f f ic ie n c y ,  th a t  i s  to  l i m i t  the 
sample s iz e  to  such an amount over which the  e f f i c i e n c y  shows a 
s ig n i f i c a n t  decrease .
On the  o th e r  hand, the  number of t h e o r e t i c a l  p l a t e s  (N)vs 
log sample s iz e  diagram shows a consp ic ious  i n f l e c t i o n  and the 
end of upper co n s tan t  l i n e  can be e a s i l y  determined by the  i n ­
t e r s e c t i o n  tan g en ts  of th e  i n f l e c t i o n  and upper co n s tan t  l i n e .  
The v a lue  o f  sample s iz e  belonging to  the  i n f l e c t i o n  means a 
lower l i m i t ,  the  end o f  upper c o n s tan t  l i n e  (determ ined by the 
i n t e r s e c t i o n )  g ives  an upper l i m i t  ( F i g . l ) .
While th e se  s tu d ie s  suggest keeping the  e f f i c i e n c y  above 
a c e r t a i n  value  by l i m i t a t i o n  of sample s iz e ,  ano ther  p o in t  of 
view proposes the  improvement of r e s o lu t io n  by r e c y c l in g .  Both 
ge l perm eation w ith  o rgan ic  so lv en t  e lu e n t  (14-16) and ge l chro-
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matography in  aqueous s o lu t io n  (17-18) a llow  the  r e s o lu t io n  to 
be in c re a sed  by r e c y c l in g  even in  the  case when the  low value  
o f  r e s o lu t io n  i s  caused by la rg e  sample s iz e  (14).
F igure 1. Limitation of the sample volume on the basis of 
theoretical plate number (N) vs log sample size 
diagram. Either the end of the upper constant 
line or the value of inflection can give the 
limit of the sample size.
S im ila r  p o in t  of view i s  w ell exp la ined  in  the papers 
(19-21) which cons ider  the  r e s o lu t io n  between peaks to  be sep ­
a ra te d ,  no t the e f f ic ie n c y .  The se p a ra t io n  u s u a l ly  means a cer­
t a i n  r e s u l t  in  th a t  the  peaks need to  be f a r  enough from each 
o th e r ,  e . g . ,  the  r e s o lu t io n  o f  s e v e ra l  given peaks has to  reach  
an adequate va lue .  From t h i s  c o n s id e ra t io n ,  group s e p a ra t io n  
allows much l a rg e r  sample s iz e  than f r a c t io n a t io n .  This to p ic  
was not on ly  suggested but a l so  d e t a i l e d  by F isch e r  ( 1 9 ) .Kremmer 
and Boross (20) der ived  from Pharmacia brochure (21) which gives 
the  sample l i m i t  accord ing  to  the  e q n . :
V , V V - Vsample \ \  sep •—• efc eA
where V , V a re  the  e l u t io n  volume o f  B and A components, 
eB ®A
V ., i s  the  sample s iz e  and V i s  the  volume between the  sample v sep
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sep a ra ted  peaks, r e s p e c t iv e ly .  The same source s t a t e s  th a t  in  
d e s a l t in g  and b u f fe r  exchange, volumes up to approxim ately  30% 
of the  t o t a l  bed volume can be used to  minimize d i l u t i o n  and 
s t i l l  retain good s e p a ra t io n .  L a te r ,  i t  (20) g ives the  sample 
volume as 1-5 % o f  the  bed volume in  the  case of f r a c t io n a t io n  
and i t  p o in ts  out a l so  th a t  the  sm alle r  volume does not normally 
improve r e s o lu t io n .  At the  same time, the  d iv i s io n  of ge l  ch ro ­
matography in to  "group s e p a ra t io n "  and " f r a c t io n a t io n "  subgroups 
r e f l e c t s  only the  most schematic c l a s s i f i c a t i o n .  In v e s t ig a t io n  
of p a r t i c u l a r  problems sugges ts  th a t  the in d iv id u a l  l i m i t  of 
sample s iz e  on the  p rev io u s ly  ob ta ined  chromatogram of ge l 
chromatographic s e p a ra t io n  can p re se n t  the  method o f  choice .
The m a jo r i ty  o f  ge l  chromatography allows the  i s o l a t i o n  
o f  substances  which have been sep a ra ted  and m onitored. The i s o ­
l a t i o n  means f i r s t  of a l l  the  s e le c t io n  of a c e r t a in  p a r t  of 
the  e f f lu e n t  to  be c o l le c t e d  to g e th e r .  This p rocess  i s  u s u a l ly  
performed by f r a c t i o n  c o l l e c t o r s  which work a u to m a t ic a l ly .  
However, the  b a s ic  q u es tio n ,  which s iz e  of e f f lu e n t  volume is  
to  be c o l le c te d  remains unanswered. In the  l i t e r a t u r e  (22-24) 
the  problem of f r a c t io n a t io n  or c o l l e c t in g  f r a c t io n s  has been 
mainly r e s t r i c t e d  to  the  o p e ra t iv e  a sp ec ts  of f r a c t io n  collectors 
themselves.Only some r e c e n t ly  pub lished  works (25-26) mentioned 
th a t  the  in d iv id u a l  peaks as w ell as t r a n s i t i o n a l  zones should 
appear in  3-5 f r a c t io n s  a t  l e a s t  in  the  case o f  f r a c t io n a t io n  
or a l to g e th e r  s e v e ra l  f r a c t io n s  a re  c o l le c te d  in  the  case of 
group s e p a ra t io n s .
A very  d e t a i l e d  d isc u ss io n  of the  s e p a ra t io n  o f  chromato­
g raph ic  peaks and i t s  dem onstra tion  was pub lished  by Saunders 
(27) who supp lied  the  chromatographic p r o f i l e s  o f  wide variation 
o f  p a r t i a l l y  or t o t a l l y  re so lv ed  peaks. The e x te n t  of contamina­
t io n  and the  degree of p u r i t y  were a lso  given in  h is  paper (27).
Svenson (28) has a lso  d e a l t  w ith  the  su b je c t  of the  r e ­
so lv ing  zones. The analog r e s o lv in g  was taken from the  to p ic  of 
l i g h t  s c a t t e r in g  and Svenson p resen ted  the  p o s s ib le  d e f in i t i o n  
o f  s e p a ra t io n  in  the  cases  o f  p a r t i a l l y  or t o t a l l y  re so lv ed  
peaks having the  same or d i f f e r e n t  peak h e ig h t .
On the  o th e r  hand, the  j o i n t  d isc u ss io n  o f  s e p a ra t io n  and 
f r a c t io n a t io n  o r ,  more p r e c i s e ly ,  the  sample s iz e -^ e p a ra t io n -
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f r a c t i o n a t i o n  problem seems to  be lack in g  from the  l i t e r a t u r e .  
N ev erth e less  t h i s  to p ic  i s  o f  g re a t  importance in  any kind of 
p r e p a ra t iv e  s e p a ra t io n s .  The number of f r a c t io n s  i s  one o f  the 
most im portan t c h a r a c t e r i s t i c s  o f  the  ge l  chromatographic sep ­
a r a t io n s  o f  p re p a ra t iv e  n a tu re .  The chromatographic p rocess  
y ie ld s  the  continuous change o f  the  e f f lu e n t ,  but only a few 
c h a r a c t e r i s t i c s  o f  the  e f f lu e n t  can be monitored d i r e c t l y  (UV 
e x t in c t io n s ,  f lu o re sc e n c e ,  c o n d u c t iv i ty , e t c . ) .  Numerous and 
b as ic  p a r t s  of c h a r a c t e r i s t i c s  o f  the  substances  (b io lo g ic a l  
a c t i v i t y ,  enzyme a c t i v i t y , e t c .) can be d e te c te d  only  from the  
c o l le c t e d  f r a c t io n s .  The p rocess  o f  f r a c t io n a t io n  never im­
proves th e  s e p a ra t io n  but decreases  very  o f te n .  At the  same 
tim e, the  l a rg e r  the  number o f  f r a c t io n s ,  the  sm alle r  the  
remixing o f  the  sep a ra ted  compounds. This phenomenon seems to  
in f lu e n c e  us in  choosing as h igh as p o s s ib le  number of fractions. 
A h igh  number o f  f r a c t io n s ,  however, causes the  in c re a s e  of 
a n a l y t i c a l  work in  the  i n v e s t ig a t io n  o f  the  in d iv id u a l  fractions, 
the  g r e a t e r  r i s k  in  lo s s  o f  substance  during  the  change of 
f r a c t io n s ,  and a t  a n a ly s i s ,  i . e . t h e  h igh number o f  f r a c t io n s  
comprehends both  the  in c re a sed  work o f  i n d i r e c t  m onito ring  and 
d im in ish ing  the  recovery . From t h i s  p o in t  of view, the  number 
o f  f r a c t io n s  i s  adv ised  to  be l im i te d  as low as p o s s ib le .
Before the  d e t a i l e d  d is c u s s io n  o f  the  f r a c t io n a t io n  some 
d e f in i t i o n s  and co n d i t io n s  should be s t a t e d .
P e a k -c u t t in g  f r a c t io n a t io n  means the  case when one fraction 
c o l l e c t s  the  e f f lu e n t  u n t i l  the  peak maximum and the  o th e r  
f r a c t i o n  does i t  from the  maximum.
Peak-keeping f r a c t io n a t io n  occurs when the  peak maximum 
c o in c id es  w ith  the  h a l f  of th e  f r a c t io n .  These two b a s ic  cases 
a re  given in  F i g . 2.
Basic co n d i t io n  o f  the  c a l c u la t io n  i s  th a t  th e  e lu t io n  
peaks a re  symfnetrical and can be approximated by the  Gaussian 
formula. The d is c u s s io n s  u n d e r l in e  the  i s o l a t i o n  o f  a main 
( s in g le )  component and i t s  s e p a ra t io n  from the  neighborhooding 
peaks (from the  p rev ious and fo llow ing  but n e a r e s t  e lu t in g  sub­
s tan ce s)  a re  to  be cons idered . In t h i s  case ,  the  b a s is  o f  any 
c a l c u la t io n  i s  the  peak to  be i s o l a t e d .  In any o th e r  c a s e s , th e  
component e lu t in g  f i r s t  i s  to  be taken  in to  c o n s id e ra t io n .  The
133
given e x t in c t io n s  a re  e s s e n t i a l l y  p ro p o r t io n a l  to  concentrations, 
th a t  i s  th e  d i l u t i o n  during  f r a c t io n a t io n  does no t cause the  
b a s ic  change o f  s p e c i f i c  e x t in c t io n  c o e f f i c i e n t .  The calculáiion 
o f  th e  num erical average o f  e x t in c t io n s  performs in  a practical 
way the  c a l c u la t io n  of the  num erical average o f  the  substance 
c o n te n t .
However, the  s im u la tio n  of f r a c t io n a t io n  does no t sub­
s t i t u t e  fo r  the  checking o f  f r a c t io n s  fo r  t h e i r  p u r i t y .
Figure 2. Two different kinds of fractionation, that is  the peak­
keeping (upper curve) and the peak-cutting (bottom curve) 
modes of fractionation.
In our earlier  work (29) the  c o l l e c t in g  o f  sigma f r a c t io n s  
was suggested , th a t  i s  s e c t io n in g  the  e l u t io n  p r o f i l e  according 
to  sigma. This i s  dem onstrated in  F i g . 3.
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It means the easy definition of the extent of fraction­
ation on the one hand, but on the other hand the calculation 
of the fraction number to be collected is also simple.
If the period before the elution peak center is divided 
into sigma parts, the occurrence of such segments is the frac­
tion number (nfr) :
n -  =
fr St  <5 v •
This va lu e  i s  id e n t ic a l  w ith  th e  square ro o t o f th e o ­
r e t i c a l  p la te  number (N) o f the  chrom atographic column according 
to  i t s  d e f in i t io n :
=  ^ = - V  . { 7 = ^ = - ! ^ = n f
S't s'v ’ s 't  fr
Perform ing th i s  f r a c t io n a t io n ,  th e  s iz e  o f each f r a c t io n  is  
equal to  th e  s tan d ard  d e v ia tio n  in  tim e (or v o lu m etric ) u n i t s ,  
th a t  i s  equal to  one fo u r th  o f th e  peak w id th  a t  th e  b a se lin e  
concern ing  th e  peak to  be sep a ra ted  and is o la te d .
In  our e a r l i e r  works (30-33) we d iscu ssed  th e  approxim a­
tio n  o f g e l chrom atographic e lu t io n  curves th a t  were o b ta in ed  
from aqueous g e l chrom atography on Bio-Gel P-2 and investigated  
some in d o lic  and p h en o lic  compounds. Our fundam ental f in d in g s  
w ere :
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Figure 3. Sectioning the elution curve according to the standard 
deviation (sigjna) of the Gaussian type of peak.
1. The e l u t io n  curves a re  symmetrical and can be a p p ro x i­
mated by the  w ell known Gaussian formula:
= A exp
(X. - X )'  ^ 1____ o
2 Ő*2
2. The curve c a lc u la te d  in  t h i s  way and the  experim ental 
curve show a good agreement. Although the  substances  e lu t in g  
a f t e r  s tro n g  r e t a r d a t i o n  (arom atic  a d s o rb t io n , hydrophobic 
i n t e r a c t io n s ,  e t c . )  show n ic e  symmetry, they can be surprisingly 
w ell approximated.
3. The da ta  a re  p re sen te d  in  u n i t s  of r e v e r s e  transmission 
(100-T7o). Although the  s c a le  of photometer used (UVICORD I I )
i s  given in  t ra n sm is s io n ,  the  maximal va lue  o f  each chromato­
g raph ic  curve i s  a t  the  minimum value  of t ran sm iss io n .
4. The r e s u l t i n g  p o in ts  of s e v e ra l  e l u t io n  ( c a lc u la te d )  
curves can not be ob ta ined  by d i r e c t  a d d i t io n ,  m u l t ip l i c a t io n  
or s u b s t r a c t io n  as n e i th e r  the  va lue  of t ran sm iss io n  nor reverse 
t ran sm iss io n  i s  p ro p o r t io n a l  w ith  the  c o n c e n tra t io n .  Each value 
o f  the  e lem entary  r e v e rs e  t ran sm iss io n s  has to  be transform ed 
in to  e x t in c t io n  (which i s  p ro p o r t io n a l  w ith  c o n ce n tra t io n )  
summed and the  summed e x t in c t io n  va lues  need to  be transform ed 
in to  re v e rs e  tra n sm is s io n  in  o rder  to  g enera te  the  experimental 
curve. The a d d i t io n  of f iv e  curves s u c c e s s fu l ly  reproduced the 
experim ental da ta  i f  th e  curves had the  same peak width  and peak 
height but they d i f f e r e d  from each o th e r  in  the  p o s i t io n  o f  peak 
maxima. On the  o th e r  hand, the  a d d i t io n  of th re e  curves s u f f ic e d  
i f  the  above mentioned c h a r a c h te r i s t i c s  of the  chromatographic 
curves were t o t a l l y  d i f f e r e n t .
5. Five superimposed peaks can be used fo r  s im u la tin g  the 
in c re a s e  of sample s iz e  (31-33) and summation o f  th re e  peaks can 
be used fo r  c a l c u la t io n  o f  th re e ,  p a r t i a l l y  overlapp ing  chromato­
graph ic  curves . The expansion of the  number o f  curves to  be added 
to g e th e r  was l im ite d  both by the  number o f  c a l c u la t io n  s tep s  and 
the  number of r e g i s t e r s .  To develop f u r th e r  our c a l c u la t io n  po­
t e n t i a l ,  we modified  our b a s ic  program and used the  secondary 
r e g i s t e r s  o f  HP-97 as w e ll .
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In our paper we dem onstrate the  num erical c a l c u la t io n  of 
the  e l u t io n  p r o f i l e  from numerous elem entary  peaks, we o u t l in e  
the  c a l c u la t io n  o f  sample s iz e  l i m i t  ex p er im en ta lly  as w ell as 
n u m e rica l ly .  Furthermore, we suggest the  method o f  num erical 
approxim ation of f r a c t io n a t io n  and we supply easy programs fo r  
th e se  above mentioned c a lc u la t io n s  w ith  a Hewlett Packard HP-97 
c a l c u l a to r .  In connection  w ith  the  la b o ra to ry  work, we expand 
the  c a l c u la t io n s  of ge l  chromatographic s e p a ra t io n s  by s e t t i n g  
a j o i n t  program fo r  s im u la tio n  of both  sample s iz e  e f f e c t  and 
f r a c t io n a t io n  to g e th e r .
MATERIALS AND METHODS 
M a te r i a l s :
A ll  substances  were commercially a v a i la b le .  Bio-Gel P-2, 
100-200 mesh (w et),  c o n t ro l  No. 187362, exc lu sion  l im i t  1,800 
d a l to n s  was purchased from Bio-Rad L ab o ra to r ie s  (Richmond, 
C a l i f . ,  USA), phenylethylam ine purum, tyramine CHR, dopamine 
purum, t r ip ta m in e  purum, a l l  h y d ro ch lo r id es ,  benzoic a c id  purum, 
4-hydroxy benzoic ac id  purum and 3 ,4 -d ihydroxy benzoic ac id  CHR 
were purchased from Fluka AG (Buchs, S w i tz e r la n d ) : se ro to n in e  
c r e a t in e  s u l f a t e ,  ch rom atograph ica lly  pure , was ob ta ined  from 
Mann Research L a b o ra to r ie s ,  Inc . (New York, USA); bovine serum 
albumin was ob ta ined  from Phylaxia  (Budapest, Hungary). Sephadex 
G-15 ( t r a d e  mark name of the  Pharmacia produced ge l  f i l t r a t i o n  
m a te r i a l ) ,  l o t .  No. 7755, p a r t i c l e  s iz e  40-120 /um, was ob ta ined  
from Pharmacia Fine Chemicals (Uppsala, Sweden).
Methods:
Bio-Gel P-2 Sephadex G-15 g e ls  were supp lied  as in  the  
form o f  dry powder. The ge l was added to  excess of water w ith  
co n s tan t  s t r i r r i n g  and then allowed to  swell fo r  24 hours. The 
m ixture  o f  swollen ge l  and w ater (1 :1) was poured in to  the  column 
and the  ge l  was allowed to  s e t t l e  fo r  15 m inutes. The o u t l e t  
was then opened and the  fu r th e r  f i l l i n g  was performed during 
c o n s tan t  flow. The g e l-w a te r  suspension was con t inuous ly  supp­
lied. After the settled gel had f i l led  90-95 percent of the column, the 
upper flow adap tor  was a t tach e d  and the  e lu t io n  was s t a r t e d  
and continued  fo r  48 hours w ith  0 .9  % sodium c h lo r id e  s o lu t io n
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(p h y s io lo g ic a l  s a l i n e  s o l u t i o n ) . The samples were a p p l ied  through 
the  flow adap to r ,  p e r i s t a l t i c  pump and c a p i l l a r y  tubes by the 
t r a n s f e r  o f  the  i n l e t  tube from the  e lu e n t  r e s e r v o i r  to  the 
sample c o n ta in e r .  The s t a r t  of e lu t io n  was indexed by the  change 
o f  the  b a s e l in e  o f  Uvicord I I  r e c o rd e r .
A pp ara tu s :
Various p a r t s  o f  the  ReCyChrom System (LKB-Produkter, 
Bromma, Sweden) were used. These inc luded  the  P e r i s t a l t i c  Pump, 
Uvicord I I  w ith  Recorder and Combi Cold Rac. Chromatographic 
Columns were purchased from Pharmacia Fine Chemicals (Uppsala, 
Sweden). Columns in  the  Combi Cold Rac were kept a t  4- 4°C.
The c a l c u la t io n s  were made on a H ew lett-Packard HP-97 
c a l c u l a t o r .
RESULTS
Approximation o f  ge l chromatographic curves
The experim ental e l u t io n  p r o f i l e  fo r  the  s e p a ra t io n  of 
s u b s t i tu t e d  benzoic ac id s  i s  given in  F ig .4 /a .  The peaks are  
symmetrical and th i s  f a c t  sugges ts  th a t  the  peaks may be ap­
proximated by the  Gaussian formula. To f a c i l i t a t e  c a lc u la t io n s  
we developed a program fo r  the  H ew lett-Packard HP-97 calculator. 
The scheme fo r  the  p rocess  o f  c a l c u la t io n  from p o in t  to  p o in t  
o f  the  e lu t io n  curve can be seen in  Table 1. This program 
( d e ta i l e d  in  Table 2) allows the  c a l c u la t io n  o f  the  p o in ts  of 
th re e  in d iv id u a l  curves (No. 1 curve w ith  LBL 1, s tep s  027-045; 
No. 2 curve w ith  LBL 2, s te p s  046-064; No. 3 curve w ith  LBL 3, 
s tep s  065-083), the  t r a n s fo rm a tio n  o f  the  r e v e rs e  tran sm iss io n  
va lues  in to  e x t in c t io n  (LBL a in  s tep s  084-095) in c lu d in g  the 
summation of the  c a lc u la te d  and transform ed va lues  (ST + 3 in  
s tep  094) as w ell as the  r e t ra n s fo rm a t io n  o f  the  sum in to  reverse 
tra n sm is s io n  (LBL b in  s te p s  096-116). The program serves  fo r  
the  c a l c u la t io n  of the  whole p o in t  s e r i e s  s in ce  the  end of c a l ­
c u la t io n  o f  any p o in t  i s  followed by the  change of the  p lace  of 
c a l c u la t io n  th a t  i s  s tepped f u r th e r  (s te p s  004-010) i f  the  c a l ­
c u la te d  value  i s  no t under 0.001 ( s te p s  018-026).
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Table 3 c o n s i s t s  o l  the  arrangement o t  c h a r a c t e r i s t i c s  
of th r e e  curves and param eters  of c a l c u la t io n  in  the  r e g i s t e r s .
The program given in  Table 2 has been used fo r  c a l c u l a ­
t io n  o f  e l u t io n  curves given in  F ig .4 /b .  The comparison o f  the 
experim enta l curve by the  c a lc u la te d  p o in t  s e r i e s  i s  demonstrated 
in  F i g . 5 where the  experim enta l curve i s  sandwiched between 
two c a lc u la te d  ones which have 10 °L l a rg e r  peak maxima and 
s tandard  d e v ia t io n  as w ell as 10 %  sm alle r  peak maxima and 
s tan d a rd  d e v ia t io n ,  r e s p e c t iv e ly ,  than the  experim enta l e lu t io n  
c u rv e .
Figure 4. Elution profile of separation of substituted benzoic acids 
(top curve) and the calculated values (bottom point series) 
by the use of the calculation program given in Table 2.
Gel chromatography was performed on Bio-Gel P-2 (90 cmx2.5cm) 
gel column using 0.9 % sodium chloride solution as eluent.
TABLE 1.
The p r o c e s s  o f  c a l c u l a t i o n  o f  t h e  e l u t i o n  c u rv e
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TABLE 2 .
I n d i v i d u a l  s t e p s  o f  c a l c u l a t i o n  p r o g r a m
001 *LBLA 040 X 079 1
002 CLX 041 1 080
003 ST03 042 081 2
004 RCL0 043 2 082
005 ENT* 044 083 RTN
006 RCL2 045 RTN 084 *LBLc
007 4- 046 *LBL2 085 1
008 ST02 047 RCL2 086 0
009 SPC 048 RCL5 087 0
010 PRTX 049 - 088 X«=>Y
Oil GSB1 050 X2 089 -
012 GSBa 051 RCL8 090 LOG
013 GSB2 052 X2 091 2
014 GSBa 053 2 092 X^Y
015 GSB3 054 X 093 -
016 GSBa 055 : 094 STO+3
017 GSBb 056 CHS 095 RTN
018 0 057 e* 096 *LBLb
019 058 RCLB 097 RCL3
020 0 059 X 098 10*
021 0 060 1 099 1
022 1 061 100 0
023 X^Y 062 2 101 0
024 X> Y? 063 : 102 X^Y
025 GSBA 064 RTN 103
026 R/S 065 *LBL3 104 i
027 *LBL1 066 RCL2 105 0
028 RCL2 067 RCL6 106 0
029 RCL4 068 - 107 X^Y
030 - 069 X2 108 -
031 X2 070 RCL9 109 1
032 RCL7 071 X2 110
033 X2 072 2 111 2
034 2 073 X 112 X
035 X 074 113 DSP8
036 075 CHS 114 PRTX
037 CHS 076 eX 115 DSP2
038 eX 077 RCLC 116 RTN
039 RCLA 078 X 117 R/S
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calcu lated  curves
Figure  5. Demonstration o f  the  f i t t n e s s  of th e  c a lc u la te d  
curves to  the  experim ental one. The experim ental 
chromatogram ( s o l id  l in e )  shows the  s e p a ra t io n  of 
60 mg albumin, 0 .3  ml ace tone , 35 mg p h en y le th y l-  
amine, 35 mg tyram ine, 35 mg dopamine, 10 mg se ro -  
to n in e  and 10 mg tryp tam ine  on Bio-Gel P-2 column 
(90 cm x 2.5 cm) us ing  0 .9  % sodium c h lo r id e  s o lu ­
t i o n  as e lu e n t .
Experimental e l u t io n  curve i s  sandwiched between 
the  two c a lc u la te d  ones which have 10 °h l a rg e r  peak 
maxima and s tandard  d e v ia t io n s (d o t te d  l in e )  as w ell 
as 10 7° sm alle r  peak maxima and s tandard  d e v ia t io n s  
(dashed l i n e ) ,  r e s p e c t iv e ly ,  than  th e  experim ental 
curve.
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S im ula tion  of en la rg in g  the  sample s iz e  by c a l c u la t io n
The approxim ation o f  the  e f f e c t  of the in c re a s e  on the  
sample s iz e  was i n i t i a t e d  in  our e a r l i e r  works (31-32) . The 
m odelling o f  the  e f f e c t  has succeeded; the  components or e l u t ­
ion peaks can be followed one by one. I t  was caused by the  f a c t
Table 3. Arrangement o f  c h a r a c t e r i s t i c s  o f  th re e  e lu t io n  curves 
and param eters  of c a l c u la t io n  in  the  r e g i s t e r s .
REGISTERS PARAMETERS
0 Length of s tep s
1 Blank
2 S ta r t  (and p lace )  o f  c a l c u la t io n s
3 Blank
4 Center o f  No. 1 peak
5 Center o f  No. 2 peak
6 Center o f  No. 3 peak
7 Standard d e v ia t io n  o f  the  No. 1 peak (0* , )
8 S tandard d e v ia t io n  o f  the  No. 2 peak ( ß '  „)
9 S tandard d e v ia t io n  of the  No. 3 peak (q S „)
A Height o f  the  No. 1 peak
B Height o f  the  No. 2 peak
C Height o f  the  No. 3 peak
th a t  the  deconvolu tion  of a s in g le  e l u t io n  peak in to  f iv e  e l e ­
mentary curves and t h e i r  s u p e rp o s i t io n  exhausted the  p o s s ib le  
s te p s  o f  the  program and the  p o s s ib le  p laces  of prim ary register 
up to  t h e i r  tw o - th i rd .  In some cases  the  shape o f  the  approached 
curves was a p p ro p r ia te  but in  o th e r  cases  the  g r e a t e r  number 
o f  e lem entary  curves would have given f a i r l y  good r e s u l t s . The 
phenomenon i s  dem onstrated in  F ig s .6 and 7.
In  a d d i t io n  to  the b e t t e r  shape of c a lc u la te d  curves ,  
the  f u r th e r  problem to  be solved i s  th e  c o n s t ru c t io n  of a c a l ­
c u la te d  e lu t io n  p r o f i l e  which c o n s i s t s  o f  s e v e ra l  chromato­
g raph ic  peaks, each r e s u l t i n g  from 10-12 elem entary  curves .
This development needed e i t h e r  10-20 times more c a l c u la t io n  
s tep s  and 5 times l a rg e r  c a p a c i ty  o f  r e g i s t e r s  or the  b as ic  
a l t e r a t i o n  o f  the  c a lc u la te d  system. This l a t t e r  p o s s i b i l i t y  
means the  use o f  fewer su b ro u tin es  by using  the  same subroutine 
fo r  c a l c u la t io n  o f  d i f f e r e n t  curves which has been r e a l i z e d  by
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001 *LBIA 057 GSB2 113 *LBL1 169
002 CLX 058 GSB2 114 RCLE 170 2
003 ST01 059 GSB2 115 1 171 X
004 RCLD 060 GSB2 116 2 172 DSP4
005 RCL0 061 GSB2 117 X 173 PRTX
006 + 062 GSB2 118 RCLA 174 DSP2
007 STO0 063 GSB2 119 + 175 CLX
008 PRTX 064 GSB2 120 STOA 176 ST01
009 RCL4 065 GSB2 121 RTN 177 RTN
010 STQA 066 GSB2 122 *LBL2 178 *LBLc
Oil RCL5 067 GSB2 123 RCLA 179 1
012 STOB 068 P^S 124 RCLE 180 ST+3
013 RCL6 069 RCL4 125 - 181 RCLI
014 STOC 070 STQA 126 STOA 182 RCL3
015 GSB1 071 RCL5 127 RCL0 183 -
016 GSB2 072 STOB 128 - 184 X=Y?
017 GSB2 073 RCL6 129 X2 185 GSBd
018 GSB2 074 STOC 130 R£LB 186 GSBA
019 GSB2 075 P iS 131 187 RTN
020 GSB2 076 GSB1 132 2 188 *LBLd
021 GSB2 077 GSB2 133 X 189 RCL0
022 GSB2 078 GSB2 134 190 DSP7
023 GSB2 079 GSB2 135 CHS 191 PRTX
024 GSB2 080 GSB2 136 192 RCL2
025 GSB2 081 GSB2 137 RCLC 193 RCL3
026 GSB2 082 GSB2 138 X 194
027 GSB2 083 GSB2 139 1 195 10*
028 RCL7 084 GSB2 140 196 1
029 STOA 085 GSB2 141 2 197 0
030 RCL8 086 GSB2 142 198 0
031 STOB 087 GSB2 143 i 199 XiY
032 RCL9 088 GSB2 144 0 200
033 STOC 089 P ÍS 145 0 201 i
034 GSB1 090 RCL7 146 X Y 202 0
035 GSB2 091 STQA 147 - 203 0
036 GSB2 092 RCL8 148 LOG 204 XiY
037 GSB2 093 STOB 149 2 205 -
038 GSB2 094 RCL9 150 XiY 206 1
039 GSB2 095 STOC 151 - 207
040 GSB2 096 P ÍS 152 ST+1 208 2
041 GSB2 097 GSB1 153 ST+2 209 X
042 GSB2 098 GSB2 154 RTN 210 DSP9
043 GSB2 099 GSB2 155 *LBLa 211 PRTX
044 GSB2 100 GSB2 156 RCL1 212 DSP2
045 GSB2 101 GSB2 157 10* 213 p i s
046 P ÍS 102 GSB2 158 1 214 RCL0
047 RCL1 103 GSB2 159 0 215 p i s
048 STQA 104 GSB2 160 0 216 RCL0
049 RCL2 105 GSB2 161 XiY 217 -
050 STOB 106 GSB2 162 218 X<Y?
051 RCL3 107 GSB2 163 1 219 R/S
052 STOC 108 GSB2 164 0 220 CLX
053 P ÍS 109 GSB2 165 0 221 ST02
054 GSB1 110 GSBa 166 XiY 222 ST03
055 GSB1 111 GSBc 167 - 223 GSBA
056 GSB2 112 RTN 168 1 224 RTN
«---------
TABLE 4.
C a lc u la t io n  program fo r  approxim ation o f  5 x 12 elem entary  
cu rves ,  t h e i r  s u p e rp o s i t io n  and the  f r a c t io n a t io n
the  change of peak param eters  w ith  the  help  of the  main program. 
The schematic program of  c a l c u la t io n  o f  k x n ( e .g .  5 x 12) 
curves and t h e i r  su p e rp o s i t io n  i s  shown in  F i g . 8. J u s t  befo re  
the  c a l c u la t io n  o f  the  f i r s t  curve, the  c e n te r  p o in t  o f  the  
peak i s  d is lo c a te d  w ith  n - t im es  o f  the  s h i f t  e .g .  the  extreme 
r i g h t  e lem entary  curve was c a lc u la te d  f i r s t .  L a te r  the  second, 
t h i r d ,  e tc .  curve (from r i g h t )  were c a lc u la te d .  F in a l ly  the 
curve having the  o r ig i n a l  peak c e n te r  was c a lc u la te d .
S im i la r ly ,  each in d iv id u a l  chromatographic peak was c a l ­
c u la te d  by c o n s tan t  s h i f t i n g .  As the  sample s iz e  i s  the  same 
fo r  any component o f  the  sample to  be or having been separated, 
the co n s tan t  s h i f t  i s  adequate fo r  any component. The sumnarized 
va lue  of s h i f t s  composes the  vo lum etr ic  s iz e  of the  sample as 
i t  was dem onstrated e a r l i e r  (33).
The program e la b o ra te d  fo r  H ew lett-Packard  HP-97 c a lc u ­
l a t o r  i s  given in  Table 4 w hile  the  arrangement o f  da ta  and 
c h a r a c t e r i s t i c s  o f  the  c a l c u la t io n  in  the  r e g i s t e r s  a re  given 
in  Table 5. In t h i s  program, the  s u b s t i t u t i o n  o f  c h a r a c t e r i s ­
t i c s  o f  No. l . , 2 . , 3 . , 4 .  and 5. curves i s  c a r r i e d  out in  s tep s  
009-014, 028-033, 047-054, 068-075 and 089-096, r e s p e c t iv e ly .
By using  the  program given in  Table 4, we c a lc u la te d  the  
e f f e c t  o f  sample s iz e .  The chromatographic peaks were sepa­
r a te d  in to  12 e lem entary  curves each ( a d d i t io n  o f  which g ives  
back the  o r ig in a l  p e a k s ) . The co n s tan t  s h i f t  was p laced  in to  
r e g i s t e r  E. O r ig in a l  (experim en ta l)  and c a lc u la te d  chromatograms 
can be seen in  F i g . 9.
Fig. 10 shows th a t  the  sample volume can be in c re a se d  to 
50 ml in  the  case  of 90 cm x 2.5 cm (442 ml t o t a l  volume) Bio- 
Gel P-2 column and s t i l l  sep a ra ted  the  mentioned sample.'
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TABLE 5.
Arrangement of the parameters in the P and S registers of the 
Hewlett-Packard HP-97 calculator
Parameters in P reg isters Parameters in S reg isters
0 Start of calculation 0 End of calculation
1 Blank 1 Center of the 3rd curve
2 Blank 2 Standard deviation of the 
3rd curve
3 Blank 3 Peak height of the 3rd curve
4 Center of the 1st curve 4 Center of the 4th curve
5 Standard deviation of 1st curve 5 Standard deviation of the 
4th curve
6 Peak height of the 1st curve 6 Peak height of the 4th curve
7 Center of the 2nd curve 7 Center of the 5th curve
8 Standard deviation of the 
2nd curve
8 Standard deviation of the 
5th curve
9 Peak height of the 2nd curve 9 Peak height of the 5th curve
A Blank 
B Blank 
C Blank
D Length of steps 
E Shift of furves 
I  Number of steps for each fraction
C a lc u la t io n  of f r a c t io n a t io n
Using the  above d e t a i l e d  lo g ic  l i n e  o f  c a lc u la t io n s  (see 
Table 4 and F i g . 8) ,  the  scheme can be extended to  the  simulation 
of f r a c t io n a t io n ,  too . The procedure w i l l  c o n s i s t s  o f  the 
fo llow ing  s te p s :
1. c a l c u la t io n  of the  in d iv id u a l  members o f  the p o in t  
s e r i e s  in  (100-T 7„) u n i t s ,
2. t ra n s fo rm a tio n  o f  the  c a lc u la te d  va lues  in to  extinctions,
3. performing the  average o f  e x t in c t io n s ,
4. transfo rm ing  back the  averaged e x t in c t io n s  in to  
(100-T %) u n i t s
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100-T%
60 180
Figure 6. Modelling of sample size by the construction from 5 ele­
mentary curves in the cases of albumin (1st eluting peak), 
phenylalanine (2nd peak) and tryptamine (3rd peak). The 
curves of tryptamine and phenylalanine have became well 
simulated but the albumin peak needs much higher number 
of elementary curves.
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100 - T % 
10.
Figure 7. Albumin peak and i ts  construction from 31 
elementary curves.
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C a lc u la t io n  o f  the  p o in ts  o f  the  No.1. peak a t  x^
d i s lo c a t io n  of the  peak c e n te r  w ith  (n) times o f  the 
s h i f t  from l e f t  to  r i g h t ,
c a l c u la t io n  o f  the  p o in t  o f  the  (n ) th  e lem entary  curve
c a l c u la t io n  o f  the  p o in t  of the  (n-1) th  elementary curve
c a l c u la t io n  of the  p o in t  o f  the  (n -2) th  elementary curve
c a l c u la t io n  of the  p o in t  of the  2nd elem entary  curve
c a l c u la t io n  of the  p o in t  of the  1 s t  e lem entary  curve
C a lc u la t io n  of the  p o in ts  o f  the  No.2. peak a t
d i s lo c a t i o n  o f  the  peak c e n te r  w ith  (n) times o f  the  
s h i f t  from l e f t  to  r i g h t ,
c a l c u la t io n  o f  the  p o in t  of the  (n ) th  e lem entary  curve
c a l c u la t io n  o f  the  p o in t  of th e  (n -1 ) th  elementary curve
c a l c u la t io n  o f  the  p o in t  o f  the  ( n -2) th  elementary curve
c a l c u la t io n  of the  p o in t  of the  2nd e lem entary  curve
c a l c u la t io n  o f  the  p o in t  of the  1 s t  e lem entary  curve
C a lc u la t io n  o f  the  p o in ts  of the  No.k. peak a t  x^
d i s lo c a t io n  of th e  peak c e n te r  w ith  (n) times o f  the  
s h i f t  from l e f t  to  r i g h t ,
c a l c u la t io n  of the  p o in t  o f  the  (n ) th  e lem entary  curve 
c a l c u la t io n  of the  p o in t  o f  th e  (n -1 ) th  elementary curve
c a l c u la t io n  of the  p o in t  o f  the  (n-2) th  elementary curve
c a l c u la t io n  of the  p o in t  of the  2nd elem entary  curve
c a l c u la t io n  of the  p o in t  of the  1 s t  e lem entary  curve
C a lcu la t io n  o f  the  p o in ts  o f  the  No. 1. peak a t  x^+-^
F igure  8. The t r a i n  o f  c a l c u la t io n  of a s im ula ted
chromatogram c o n s is t in g  o f  n x k elem entary  
c u rv e s .
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experimental curve
from 60 ml volue of sample
Figure 9. The c a lc u la te d  e lu t io n  curves which a re  sandwiching 
th e  experim enta l one fo r  the  se p a ra t io n  of s a t i e t i n  
on a 2.5 x 90 cm Bio-Gel P-2 column u s in g  0 .9  % so ­
dium c h lo r id e  s o lu t io n  as e lu en t  and monitored the  
s e p a ra t io n  a t  254 nm.
The process  can be programmed in to  the  H ew lett-Packard 
HP-97 c a l c u l a to r .  The f r a c t io n a t io n  i s  performed by the  sum­
mation o f  the elem entary  va lues  (ST+2) up to  the  end o f  a certain 
p e r io d  ( s te p s  178-187 in  su b ro u tin e  LBLc). The o p e ra t io n  is  
completed by the  d iv i s io n  o f  th e  sum w ith  the  number of elementary 
p o in ts  and r e t ra n s fo rm a t io n  of t h i s  (average e x t in c t io n )  in to  
(100-T7o) as w ell  as the  end o f  the  program i f  the  l a s t  average 
i s  under a c e r t a in  va lue  given in  the  secondary r e g i s t e r  N o.l.
Using the  above d e t a i l e d  c a l c u la t io n  p ro cess ,  the  f r a c ­
t i o n a t i o n  can be performed accord ing  to sigma h a l f ,  sigma and 
two sigma i f  s im ulated  chromatographic peaks w ith  d i f f e r e n t  r e ­
solutions to each o th e r  a re  p resen ted .
Fig. 11 shows sigma h a l f ,  sigma and two sigma f r a c t i o n ­
a t io n  of such peaks which show 3 ,4 ,5  and 6 sigma r e s o lu t io n  
w ith  the  peak-keeping f r a c t io n a t io n .  In F i g . 12 the  p e a k -c u t t in g  
f r a c t io n a t io n  i s  p resen ted .
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100*T% Calculator Simulated Chromatogr oms
T %
Figure 10. Calculated simulated ctiromatograms indicate the
sample size effect for the separation of satietin . 
The same amount of the substance to be separated 
was in each sample having very small, 30,60,120 
and 240 ml volume.
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Figure 11. Sigma half, sigma and two sigma fractionation of a 
peak-series having 3,4,5 and 6 sigma resolutions.lt 
is  the peak-keeping mode of fractionation for the 
1st peak.
The comparison of F igs. 11 and 12 shows th a t  the  s iz e  of 
f r a c t io n s  p lays  a major r o l e  and no t i t s  arrangement ( th a t  is  
peak-keeping or p e a k -c u t t in g  f r a c t i o n a t i o n ) .
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Figure 12. Signa half, sigma and two sigpia fractionation of a 
peak-series having 3,4,5 and 6 sigma resolutions. 
I t  is  the peak-cutting mode of fractionation for 
the 1st peak.
DISCUSSION AND CONSIDERATIONS
The ge l chromatographic s e p a ra t io n  o f  s e v e ra l  phenyl- and 
in d o le - a lk y l  compounds gave Gaussian type o f  peaks. These curves 
can be n u m erica l ly  approximated by th e  use of the  Gaussian f o r ­
mula and the  p rocess  can be performed w ith  a H ew lett-Packard  
HP-97 c a l c u l a to r .  Both the  s in g le  e l u t io n  curve and the  e l u t io n  
p r o f i l e  o f  s e p a ra t io n  of s e v e ra l  components can be approximated 
w ith  good f i t t i n g .  The in c re a s e  of sample s iz e  could a lso  be 
c o n s tru c te d  and the  c a lc u la te d  and experim ental curves show fa irly  
good agreem ent.
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Some cases show th a t  the  sample s iz e  l i m i t a t i o n  by the  help 
o f  c a l c u la t io n  g ives  the  adequate r e s u l t s ;  t h a t  i s ,  the  c a lc u ­
l a t i o n  i s  ab le  to  in d i c a te  the  sample s iz e  which does no t a f f e c t  
the  r e s o lu t io n  of in d iv id u a l  peaks. Moreover, the  m athem atical 
c a lc u la t io n s  o f  sample s iz e  l i m i t a t i o n  reduces the  use of the 
appara tu s  except fo r  the  f i r s t  p re l im in a ry  experim ent. The saving 
o f  sep a rab le  compounds, tim e, e tc .  i s  a l so  co n s id e ra b le .
The e f f e c t  of in c re a sed  sample s iz e  on the  r e a l  chroma­
to g rap h ic  p r o f i l e  i s  a l so  more pronounced and ex p re ss iv e  than 
the  c o n s id e ra t io n  o f  the  change o f  some chromatographic c h a r ­
a c t e r i s t i c s  as r e s o lu t io n ,  number of t h e o r e t i c a l  p l a t e s , e t c .
In a d d i t io n  to  the  p r a c t i c a l  r e s u l t s ,  the  p ro g ress  o f  c a l ­
c u la t io n  i s  sim ple. The f ig u re s  dem onstrate  how s u rp r i s in g ly  
la rg e  volumes can be sampled w ithou t observab le  d ev a lu a tio n  of 
s e p a ra t io n ,  i . e . ,  the  change of chromatographic p r o f i l e  occurred 
a t  a m odere te ly  la rg e  volume of sample.
At the  same time, the  i s o l a t i o n  o f  d i f f e r e n t  components 
can be f a c i l i t a t e d  i f  the  d e s i re d  r e s u l t s  have been reached  by 
the  s e p a ra t io n  and the  e f f e c t  of f r a c t io n a t io n  does not d i s tu rb  
the  r e s o lu t io n ,  i . e . ,  the  remixing o f  the p re v io u s ly  sep a ra ted  
and re so lv ed  peaks i s  avoided.
The b as ic  sugges tion  has been the  so c a l le d  sigma f r a c ­
t i o n a t i o n ,  th a t  i s  to c o l l e c t  the  e lu e n t  in to  sigma segments 
as the  s tandard  d e v ia t io n  of the  peak to  be i s o la t e d .
The formula o f  f r a c t io n  number, i . e .  the  number o f  f r a c ­
t io n s  to  be c o l le c te d ,  i s  equal to  the  square ro o t  o f  the  t h e ­
o r e t i c a l  p l a t e  number. I t  g ives  an easy way of d e f in in g  the  
f r a c t i o n  number. This type o f  f r a c t io n a t io n  seems to  be ade­
qua te ,  however, fo r  most s e p a ra t io n s  both the  f r a c t i o n  number 
and the  remixing e f f e c t  of the  t o t a l l y  or p a r t i a l l y  sep a ra ted  
components have been minimized.
Two d i f f e r e n t  types o f  the  s e p a ra t io n s  served to  demon­
s t r a t e  the  e f f e c t  of sigma f r a c t io n a t io n :
1. The s im ula ted  f r a c t io n a t io n  o f  3 ,4 ,5  and 6 sigma resolu­
t io n  curves ,
2. The s e p a ra t io n  of a substance of n a tu r a l  o r ig in  (34) 
c a l le d  s a t i e t i n .
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A ll f ig u re s  dem onstrate  the  c o r re c tn e s s  o f  the  s ta tem ent 
th a t  a gen era l  sugges tion  may be the  sigma f r a c t io n a t io n  which 
p r a c t i c a l l y  keeps the  r e s u l t s  o f  s e p a ra t io n s  but l im i t s  the 
number o f  f r a c t io n s  a t  a m odera te ly  low value .
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T H I N - L A Y E R  CHROMATOG RAP HY
-
P r o a ,  o f  t h e  S y m p .  o n  A d v a n c e s  i n  
L i q u i d  C h r o m a t o g r . ,  S z e g e d , H u n g a r y , 1 9 8 2
D E T E R M I N A T I O N  OF B E T A - B L O C K I N G  A G E N T S  I N  HUMAN  
U R I N E  B Y  T H I N - L A Y E R  A N D  G A S  CHR OMA TOG RA P HY
J .  PUCSOK/ I .  HOLLOS I
Research Laboratory of the National Institute 
for Medicine of Physical Education and Sports, 
Budapest, Hungary
A drenergic  be ta  re c e p to r  b lockers  a re  the  the rapy  o f  choice  fo r  
h y p e rk in e t ic  h e a r t  syndrome / in c re a s e d  sym phathoadrenergic a c ­
t i v i t y /  . Thus , th e re  i s  an in c re a s in g  i n t e r e s t  in  t h e i r  use in  
com pe ti t ive  s p o r t .  The d e te rm in a t io n  o f  b e ta -b lo c k e rs  in  u r in e  
i s  im portan t fo r  unders tand ing  the  mechanism of a c t io n  o f  th e se  
drugs and in  the  fu tu r e  the  methods o f  d e te rm in a tio n  w i l l  possib­
ly  be very  u s e fu l  in  doping c o n t ro l , t o o .
Tobanum h ydroch lo r ide  / 1 - t e r t . - b u ty l - a m in o / - 3 - /2 ,5- 
-d ich lo ro p h en o x y /-p ro p an o l-2 hydrochloride has a n t ih y p e r te n s iv e ,  
antiarrythmic and a n t ic o n v u ls a n t  a c t i v i t y .  Our aim was to  develop 
a simple and ra p id  q u a l i t a t i v e  t h i n - l a y e r  chromatographic method 
and a g a s - l i q u id  chromatographic assay  fo r  the  q u a n t i f i c a t i o n  of 
some ad ren e rg ic  b e ta - r e c e p to r  b lockers  in  human u r in e .
For t h i n - l a y e r  chromatographic a n a ly s i s  the  u r in e  samples 
/4  ml/ were made a l k a l in e  and e x t ra c te d  w ith  etherdichloromethane 
4 :1  / 4 ml/ w ithou t enzymatic h y d ro ly s is .  A f te r  ev ap o ra tio n  of 
the  so lv en t  the  r e s id u e  was chromatographed us ing  p re -c o a te d  TLC 
p l a t e s ,  SILGUR 25 an<^  K ie se lg e l  G, r e s p e c t i v e l y . The de ­
ve lop ing  agent was e th y la c e ta te -m e th a n o l , the  v i s u a l i s  in g reagents 
were formaldehyde - s u lp h u r ic  ac id  and Draggendorf re a g e n t .
The Rp va lues  o f  the  compounds s tu d ie d  and t h e i r  co lo rs  
under UV l i g h t  and a f t e r  t r e a t i n g  w ith  v i s u a l i s i n g  reag e n t a re  
given in  Table I .  The minimum d e t e c t a b i l i t y  o f  each drug i s  given 
in  the  same Table.
For gas chromatographic a n a ly s i s  the  u r in e  samples a f t e r  
enzymatic h y d ro ly s is  were made a lk a l in e  and e x t ra c te d  w ith  e th e r -  
-dichlormethane u s ing  P rop rano lo l as i n t e r n a l  s tan d ard .
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TABLE I .
Rp v a lu e s ,  c h a r a c t e r i s t i c  co lou rs  and minimum d e t e c t a b i l i t y  in  
u r in e  Solvent system: e thy lace ta te-m ethanol-am m onia  /4 0 :5 :5 /
Compound ~T _____________yy Colour with Colour with Minimum
Silgur 25 Kieselgel G v254 formaldehyde Draggendorf detecta-
sulf.acid. reagent b i l i ty  in 
urine mg/1
Tobanum 0,86 0,62 + — red brown 0,5
Propranolol 0,69 0,39 + green red brown 0,5
Oxprenolol 0,78 0,48 + purple brown 0,5
Pindolol 0,72 0,41 + brown brown 1,0
The e ther-d ich lo ro m eth an e  4:1 m ix ture  was found to  be the 
most s u i t a b l e  as i t  e x t ra c te d  the  l e a s t  number o f  endogeneous 
compounds and i t  gave adequate re c o v e r ie s  fo r  both  Tobanum and 
P ropano lo l .  The r e c o v e r ie s  were 65 %  from u r in e .  The phys ico ­
chemical p r o p e r t i e s  o f  Propanolo l a re  c lo s e ly  r e l a t e d  to  those  
o f  Tobanum, th e re f o r e  the  use of t h i s  compound as an in t e r n a l  
s tan d a rd  was found to  be s a t i s f a c t o r y .  Known q u a n t i t i e s  o f  
Tobanumhydrochloride were added to  b lank serum samples.Calibration 
curves were c o n s tru c te d  by p l o t t i n g  the  peak a rea  r a t i o s  between 
Tobanumhydrochloride and the  in t e r n a l  s tandard  versus  the  amount 
o f  Tobanumhydrochloride added . Subsequently both  compounds were 
b a c k -e x tra c te d  in to  h y d ro ch lo r ic  ac id  and then in to  e ther-d ich lo ro ­
methane aga in . A f te r  evapo ra tion  of the  o rgan ic  phase under n itro ­
gen atmosphere the  compounds were d e r iv a t iz e d  w ith  N-methyl- 
- b i s - t r i f l u o r o a c e t a m id e  / F i g . l . / .  These d e r iv a t iv e s  were analysed 
on a g a s - l i q u id  chromatograph /H ew lett Packard 7620A/ equipped 
w ith  a ^ N i - e l e c t r o n - c a p tu r e  detector and a glass column /1.20 m x 4 run 
i . d . /  packed w ith  3,8 °L UCW-982 on Chromosorb W /100-120 mesh/ 
and connected to  a re c o rd e r  w ith  a s c a le  range o f  1 mV. The 
c a r r i e r  gas was argonmethane 95:5 a t  a flow r a t e  of 60 ml/min. 
Tem peratures: i n j e c t i o n  p o r t  230 C°, column 180 C ° ,d e te c to r  
250 C° / F i g . 2 / .  A g a s l iq u id  chromatograph coupled to  a mass 
spec trom ete r  /HP 5992/ was used fo r  the  c h a r a c te r i z a t io n  of 
Tobanum and P rop rano lo l / F i g . 3 . ,  F i g . 4 . / .  GLC peaks o f  Tobanum- 
- b i s - t r i f l u o r o a c e t a t e  should give  a m olecu lar  ion a t  m/z 483.
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Figure 1. T r i f l u o r a c e t y l a t i o n  o f  Tobanum
Figure  2. Gas chromatogram of A. b lank u r in e  
e x t r a c t  B. u r in e  e x t r a c t  ob ta ined  
from a v o lu n te e r  8 hours a f t e r  
a d m in is t r a t io n  o f  10 mg Tobanum.
161
Figure  3. L ow -reso lu tion  mass spectrum of 
T o b a n u m -b is - t r i f lu o ra c e ta te .
f
o
Figure  4. S in g le - io n  /m/z 266/ re co rd in g s  of
u r in e  e x t r a c t s  A. u r in e  from a v o lu n te e r  
t r e a te d  w ith  Tobanum B.blank u r in e .
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The mass spectrum e x h ib i te d  only an ion a t  m/z corresponding  to 
the  lo s s  fo r  a methyl group from the m olecular ion . The ion a t  
m/z 162 i s  formed by lo ss  o f  the  s id e  chain  a f t e r  H-arrangement 
and the  fragment ions a t  m/z 266 and m/z 152 a r i s e  from cleavage 
o f  the  s ide  chain  a t  va r io u s  p o s i t i o n s .  The base peak a t  m/z 57 
corresponds to the  t e r c - b u ty l  group. The in te n s e  fragment ion a t  
m/z 266 i s  c h a r a c t e r i s t i c  o f  ary loxy b e ta -b lo ck in g  drugs.
The mass sp ec tro m e tr ic  in fo rm ation  was ob ta ined  in  the  
e lec tro n im p ac t  mode under the  fo llow ing  c o n d i t io n s :  io n iz a t io n  
beam energy 70 eV, e le c t ro n  m u l t i p l i e r  2800 V. The g la s s  column 
/3 f t  x 2 mm i . d . /  was packed w ith  2 % 0V-101 on Gas-Chrom Q 
/100-120 mesh/ and opera ted  a t  170 C° w ith  a helium gas flow 
r a t e  of 25 ml/min.
Our methods a re  r e l a t i v e l y  simple and ra p id .  The minimum 
d e t e c t a b i l i t y  of the  b e ta -b lo c k e rs  in  u r in e  by th in - l a y e r  chroma­
tography i s  0 ,5  mg/1. The gas chromatographic method can be used 
in  the c o n c e n tra t io n  range 10-2000 ng/ml fo r  r o u t in e  determination 
as w ell .  The methods have now been a p p l ied  to  u r in e  specimens 
from h e a l th y  v o lu n te e rs  who have taken th e se  drugs o r a l l y .  24 
hours a f t e r  the  o r a l  a d m in is t r a t io n  the  drugs a re  s t i l l  detectable.
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One o f  our working teams i s  d ea l in g  w ith  the  s y n th e s is  o f  b io ­
lo g i c a l l y  a c t iv e  compounds. In the  scope o f  t h i s  sy s tem atic  
re s e a rc h  a c t i v i t y  during  the  l a s t  years  a r a th e r  la rg e  number 
o f  h e te ro c y c l i c  compounds m o s tly  n i t ro g e n -b r id g e d  d e r iv a t iv e s  
were p repared  ( 1 ,2 ) .  E lu c id a t io n  of r e l a t i o n s h ip s  between chemi­
c a l  s t r u c t u r e  and b io lo g ic a l  a c t i v i t y  w ith in  t h i s  type o f  com­
pounds seemed to  be a r a th e r  i n t e r e s t i n g  and prom ising t a s k . I t  
i s  w ell known th a t  b io lo g ic a l  e f f e c t  and c e r t a in  p h y s ic a l  p rop­
e r t i e s  a re  in  many cases c lo s e ly  r e l a t e d .  The p a r t i t i o n  c o e f ­
f i c i e n t  in  o c ty la lc o h o l-w a te r  system i s  g e n e ra l ly  regarded  as 
a c l a s s i c a l  param eter in  t h i s  f i e l d .  One can meet numerous i n ­
i t i a t i v e s  t ry in g  to  s u b s t i t u t e  the  p a r t i t i o n  c o e f f i c i e n t  by other 
p h y s ic a l  pa ram eters .  Recent papers have in d ic a te d  th a t  thin-layer 
chromatographic R^ va lue  has proved as to  be an adequate p a r a ­
m eter to  p a r t i t i o n  c o e f f i c i e n t .  Papp e t  a l . (3) r e p o r te d  on 
l i n e a r  c o r r e l a t i o n  between gas chromatographic r e t e n t io n  index 
and p a r t i t i o n  c o e f f i c i e n t  j u s t  in  the  same c i r c l e  of the  compounds 
we a re  dea l in g  w ith  in  t h i s  paper.
Regarding i t s  s im p l ic i ty ,  e f f e c t iv e n e s s  and o v e r a l l  a p p l i ­
c a b i l i t y ,  v e lo c i ty ,  i t  seemed to be worthwhile to  pay s p e c ia l  
a t t e n t i o n  to  the  r e t e n t io n  da ta  / i . e .  log k ' v a lu e s /  which can 
be ob ta ined  by HPLC. However, one must take in to  c o n s id e ra t io n  
th a t  c o r r e l a t i o n  between l i q u id  chromatographic r e t e n t io n  and 
p a r t i t i o n  c o e f f i c i e n t  needs a chromatographic p rocess  exclusively 
governed by l i q u i d / l i q u i d  d i s t r i b u t i o n  fo rc e s .  C e r ta in  au tho rs  
have r e p o r te d  d i f f i c u l t i e s  j u s t  a t  the  c i r c l e  o f  am inelike com­
pounds (4 ) .  We have a lso  s im i la r  experiences  and in  t h i s  report
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Figure 1. The scheme of sy n th e s is  of pyridopyrim id ine  d e r iv a t iv e s
on f i r s t  r e s u l t s  w ith  c e r t a in  types o f  n i t ro g e n  bridged  compounds 
a re  to  be pub lished .
One p a r t  o f  our model substances  comes from the  type of 
pyridopyrim id ine  and were p repared  accord ing  to  the  scheme depicted 
in  F i g . l .  The sy n th e s is  was based on the  condensation  o f  2-amino- 
p y r id in e  w ith  a s u i t a b le  k e to ac id  d e r iv a t iv e .  F igure  2. shows 
an o th e r  s y n th e s is  o f  ch inazolon  d e r iv a t iv e s  w ith  th re e  cyc les  
and a lso  w ith  f iv e  r in g s .  In the  mentioned way, the  t o t a l  synthesis 
o f  an a lk a lo id  namely ru te c a rp in e  and i t s  a r t i f i c i a l  d e r iv a t iv e s  
could be performed w ith  a r a th e r  good y ie ld  (5 ) .  In t h i s  paper 
those  r e s u l t s  ob ta ined  w ith  the  d e r iv a t iv e s  of the  two and th re e  
c y c l ic  compounds you can see in  F ig .3. w i l l  be g iven . Among the 
s tu d ie d  d e r iv a t iv e s  these  a re  compounds w ith  s a tu ra te d  arom atic  
r in g s  which a re  in  every case condensed w ith  a c e n t r a l  4-pyrimidion 
p a r t .  I t  i s  a l so  to  be noted  th a t  the  t h i r d  r in g  i s  a f iv e  or 
s ix  membered one.In  F ig .4. the  d e r iv a t iv e s  having u n sa tu ra te d  
"A" r in g  can be seen. The behaviour fo r  the  d i f f e r e n t  a lk y l  
d e r iv a t iv e s  in  the  u n sa tu ra te d  two and th re e  r in g  s e r i e s  and 
a lso  c e r t a in  compounds from the  s a tu r a te d  s e r i e s  / F i g . 5/ were 
s tu d i e d .
In F i g . 6 the  p a r t i t i o n  c o e f f i c i e n t s  and log P va lues  (6) of 
the  u n s u b s t i tu t e d  compounds o f  the s t r u c t u r a l  types we have 
s tu d ie d  a re  p resen ted  . Observing th e se  va lues  an obvious con­
c lu s io n  emerges: both th e se  types of compounds have a r a th e r  
p o la r  s t r u c t u r e . /  I t  may be o f  i n t e r e s t  th a t  the s a tu r a te d  de­
r i v a t i v e s  proved to  be s i g n i f i c a n t l y  more p o la r  than  the  o t h e r s . /  
Anyway, the  r e l a t i v e l y  high p o la r i t y  of the  compounds has made 
i t  j u s t i f i a b l e  to  work w ith  rev e rsed  phase during  the  HPLC-study.
In F i g . 7 log k ' va lues  o f  fo u r te e n  u n s a tu ra te d  derivatives
have been c o l le c t e d .  In  the  f i r s t  column the  s t r u c t u r e  of
compounds and in  the  nex t one the  log k ' va lues  a t  d i f f e r e n t
r a t i o s  of the  mobile phase m ethanol-w ater a re  v i s i b l e .  The
methanol c o n c e n tra t io n  of the  m ix tures  v a r ie d  from 50 % to  90 %.
In the  l a s t  column the  re g re s s io n  c o e f f i c i e n t s  fo r  the compounds
a re  v i s i b l e .  The s t a t io n a r y  phase was L ichrosorb  C-^g, p a r t i c l e
s iz e  7 nyu. One can see the  p a r a l l e l  in c re a s e  of log k ' va lues
w ith  the  in c re a se  o f  w ater c o n c e n tra t io n .  I t  i s  a l so  ev iden t
th a t  th e re  i s  a c o r r e l a t i o n  between log k ' and C., in  the  , , °  MeOHstu d ie d  range.
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F ig u re  3. The in v e s t ig a te d  compounds w ith  two and th re e  cyc les
Re
Rn
? A T B IT
f v V ^ R 2
Re 0
C2 C3 C6 C7
1. H H H H H H
2. C H 3 H H H H H
3. H C H 3 H H H H
Ú. H H C H 3 H H H
5. H H H c h 3 H H
6. H H H H c h 3 H
7. H H H H H CH3
8. c h 3 H c h 3 H H H
9. H C h 3 c h 3 H H H
10. C H j H C2 H 5 H hi H
1 1 . H c 2h 5 c h 3 h H H
12. c h 3 C2H5 C h 3 H H H
13. C2 H 5 C H 3 CHa H H h
u . c 3 h 7 C2Hs C H 3 H H H
Figure  4. S t ru c tu re  of compounds w ith  u n sa tu ra te d  "A "-ring
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Figure 5. S t ru c tu re  of compounds w ith  
s a tu r a te d  "A "-ring
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Unsaturated
compounds
substituent
Me OH % r--regression coefr of 
tagK/MeOH
J  cone.90 80 70 60 50
- 0,004 -0,756 -0,580 -0,394 -0,2 52 0,978
C2 -  Me - 0,630 -0,677 -0,477 - 0,148 -0,035 0,971
C3 - 0,585 -0,518 -0,357 - 0,143 0,11 5 0,986
c6 - 0,618•i* - 0,572 -0,358 0,070 0,936
C7 - 0,650 - 0,649 -0,413 - 0,143 0,086 0,981
C8 - 0,809 - 0,669 -0,477 - 0 , 1 2 0 0,107 0,988
C9 - 0,723 - 0,602 - 0,375 - 0,164 0,065 0,996
C2-6 -di-Me - 0,509 -0,394 - 0,188 — — 0,987
C3-6 - 0,397 -0,217 0,055 — 0,992
C2-Me, C6-Et - 0,538 - 0,301 0 , 0 0 — 0,998
C3-E t, C6-Me ~ 0,276 - 0,082 0,147 — — 0,999
C2- Et, C3.G-d:-Me - 0,207 0,023 0,301 — 0,998
C2.6 di-Me1C3"E’t - 0,174 0,316 0,399 — — 0,925
C r fV .C j-E .C s-M e 0 , 0 0 0 0,265 0,671 0,993
Figure 7. The log k ' va lues  in  d i f f e r e n t  MeOH-^O so lv en t  
m ixtures on C-^g-reversed phase
On the  co n tra ry  the  p ic tu r e  i s  not so simple fo r  s a tu r a te d  
compounds / F i g . 8 / .  The va lue  o f  the  c o r r e l a t i o n  c o e f f i c i e n t  is  
a c c ep tab le  only fo r  2 or 3 compounds from the  5. The main cause 
fo r  t h i s  i s  to  be found in  the  d i f f e r e n t  s te reochem ica l re la tions  
o f  the  two r in g s  w ith in  the  s a tu ra te d  and u n s a tu ra te d  t y p e s . l t  
may be seen th a t  in  c o n t ra s t  to  the  com pletely p la n a r  unsaturated 
r in g -sy s tem  the  c y c lo a l ip h a t i c  "A "-ring c lo ses  a c e r t a in  angle 
w ith  the  B-ring and the  s u b s t i tu e n t s  s i t u a t e d  n e a re r  to  the
4
and C atoms th e re  by having a l a rg e r  in f lu en ce  on the  a b i l i t y  
o f  th e se  atoms to  develop in t e r a c t io n s  w ith  the components of 
s t a t io n a r y  and mobile phases.
F igure  9. shows the  o v e ra l l  c o r r e l a t i o n  c o e f f i c i e n t s  
c a lc u la te d  fo r  the  d i f f e r e n t  r a t i o  of m ethanol-w ater. The 
c o e f f i c i e n t s  a re  even in  the  b es t  case r a th e r  low.
Figure  10. r e p re s e n ts  the  r e l a t i o n s h ip  between log P log 
k ' va lues  inc lud ing  only the  in d iv id u a l  da ta  of the  fou r teen  
u n sa tu ra te d  compounds. I t  i s  obvious th a t  the  va lues  of four 
compounds a re  extremely d e v ia t in g  and t h i s  i s  the  main cause 
th a t  o v e r a l l  r -v a lu e  i s  s t i l l  r a th e r  low. However, c a lc u la t in g  
only w ith  the  da ta  of the  o th e r  ten  compounds a good correlation 
is- m an ifes ted  and the  r e g re s s io n  c o e f f i c i e n t  fo r  th e se  ten  
compounds approaches the  u n i t ,  being 0 ,98 . I t  i s  very  instructive 
to  observe the  s t r u c tu r e  of the four compounds showing extremely 
d e v ia t in g  log k ' va lues  and causing the  poor c o r r e l a t i o n .  At 
th e se  compounds the  s u b s t i tu e n ts  a re  in  o r th o -p o s i t io n  to  the 
d i s t in g u is h e d  and atoms which a re  mainly re sp o n s ib le  fo r  
the  HPLC behaviour of the  m olecules. I t  i s  reasonab le  to  imagine 
th a t  the  o r th o - e f f e c t  o f  the  mentioned groups s tands  out to  a 
d i f f e r e n t  ex ten t  a g a in s t  o c ty la lc o h o l  and m ethy la lcohol during 
the  sep a ra to ry  funnel-method and the  PHLC method r e s p e c t iv e ly .
173
Saturated
compounds
substituent
Me OH % regression coeff. of 
logK/MeOH
J cor\c.90 60 70 60 50
0,678 0,845 0,544 0,340 0,227 0,937
Cé-Me 0,809 0,794 0,469 0,251 0,103 0,984
C2_6~di-Me 0,721 0,027 0,405 0,133 0,042 0,837
C3 _6-di-Me 0,68 4 0,602 0,271 0,049 0 167 0,978
C2-6-di-Me, Cj-Et 0,456 0,301 0 , 1 0 0 0,472 0,615 0,985
Figure  8. The log k va lues  in  d i f f e r e n t  MeOH-i^O so lv en t  m ix tu res  on C-^ g rev e rsed  phase
MeOH-HzO
conc.%
Regression coeffident of compounds 
with unsaturated „A - ring
50 •—
60 0,7586 n = 7
70 0,8614 i
80 0,9539 ► n = 14
90 0,9439 .
F i g u r e  9 .  R e l a t i o n s h i p  b e t w e e n  l o g  k '  a n d  l o g  P v a l u e s
ViLn F i g u r e  1 0 .  L i n e a r  r e g r e s s i o n  o f  l o g  P / l o g  k  o f  a l k y l  d e r i v a t i v e s
Figure 11. L inear r e g re s s io n  o f  log P /log  k of
s a tu r a te d  a lky l d e r iv a t iv e s  MeOH cc=70%
Compounds Me OH %
90 80 70 60 50
C2 -  methyl 0,166 0,079 0,103 0,246 0,287
C3 0,219 0 , 2 38 0,223 0,251 0,368
C6 0,186 0,184 0 , 2 2 2 0,324
C7 0,155 0,106 0,167 0,251 0,338
C8 0,004 0,087 0,103 0,274 0,359
Cg -11 - 0,081 0,154 0,205 0,230 0,317
Figure  12. a log  K' va lues  of monomethyl compounds 
a  log  K' = log K '^_^-log  K
F i g u r e  1 3 .  R e l a t i o n s h i p  b e t w e e n  l o g  P a n d  l o g  K '  v a l u e s
\l
'sO F i g u r e  1 4 .  R e l a t i o n s h i p  b e t w e e n  l o g  P a n d  l o g  K '  v a l u e s
Figure 15. Log P va lues  of th r e e c y c l i c  monomethyl 
compounds
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H  6 M e  7 M e  8 M e  9 M e
Figure 16a. Comparison o f  log P and log k ' curves of 
th r e e c y c l i c  monomethyl compound.
1 8 1
logP logK'
Figure  16b.
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log P logK'
H 6 Me 7 Me 8 Me 9 Me
Figure 16c.
13 183
log P logK'
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13* 185
H 6 Me 7 Me 8Me 9Me
2Figure 18. The X va lues  r e l a t e d  to  methyl s u b s t i t u t i o n
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The c o r r e l a t i o n  between log P and log k ' among s a tu r a te d  d e r i ­
v a t iv e s  / F i g . 11/ i s  homogenously moderatedas to  be expected as 
a consequence of the  s t ro n g e r  s t e r i c a l  in f lu en ce  of the  s u b s t i ­
tu e n ts  on c y c lo a l ip h a t i c  r in g .
F i g . 12 shows the  A log k ' va lues  of the  monomethy1 -d e r i ­
v a t iv e s .  By d e f in i t i o n  * log k ' i s  a value  which corresponds to 
the  Jf-value of Hansch. As i t  might be expected the  value  of 
A log k ' i . e .  the  e f f e c t  of m e th y l - s u b s t i tu t io n  in c re a se s  together 
w ith  the  w ater con ten t o f  the  mobile phase.
F i g . 13. shows curves based on the  log P and log k ' values  
of the  m onom ethyl-derivatives in  the u n sa tu ra te d  s e r i e s .  The 
c h a ra c te r  /shape of the  curves of the  p a i r s  i s  r a th e r  i d e n t i c a l .  
This means th a t  the  in t e r a c t io n s  w ith in  the  s e p a ra to ry  funnel 
and w ith in  the HPLC system a re  q u a l i t a t i v e l y  i d e n t i c a l  but th e re  
i s  a d i f f e r e n c e  in  the  ex ten t  or in the  s t r e n g th  o f  the i n t e r -
Q
a c t io n .  The hydrophobic e f f e c t  of C -methyl group proved to  be 
the  s t ro n g e s t  by both of the  methods. The p ic tu r e  i s  s im i la r  in 
the  case of s a tu r a te d  m onom ethyl-derivatives / F i g . 14/.
F igs . 15-16. summarise the experiences  w ith  the  methyl 
d e r iv a t iv e s  of th re e  cy c le s .  The in c re a se  of log P va lues  
/ F i g . 15/ i s  c l e a r l y  r e l a t e d  to  in c re a se  in  hydrophob ic ity  
/ i . e . : i s  r e l a t e d  to the in c re a se  of u n sa tu ra te d  c h a ra c te r  of 
the  r in g  system /. From t h i s  p o in t  o f  view the  Cg-methyl group 
has a d is t in g u is h e d  importance aga in . The e f f e c t  on hydrophobicity 
i s  almost the same on b eh a lf  o f  the Cg-C^- and Cg- m ethy lgroups. 
Comparing the  log P and log k ' curves of the  d i f f e r e n t  methyl 
d e r iv a t iv e s  in  the  case o f  the  four th r e e c y c l i c  types the  shape 
o f  the  c u rv e -p a i r s  may be e s tim ated  as i d e n t i c a l .
F i g . 17. shows the  f i r s t  o rder  va lues  of m olecular con­
n e c t i v i t y  /X1/ .  I t  i s  i n t e r e s t i n g  to mention th a t  va lues  of ring 
system 6-6-5 and the type 6-6-6 co inc ide  w ith each o th e r ,  
does no t d i f f e r e n t i a t e  th e se  r in g - s y s te m s .
The second o rd e r  va lues  of m olecular connec tiv i ty
2/X / o f  the  four types of th r e e c y c l i c  m e th y l-d e r iv a t iv e s  may 
be seen in  F i g . 18. In th i s  case the  c h a ra c te r  curves a re  separated 
from each o th e r  very  sh a rp ly  and now the  change o f  hydrophobicity 
co inc ides  very  w ell w ith  the  change of u n s a tu ra te d  c h a ra c te r ,  
but i t  has to  be noted th a t  the  shape o f  t h i s  curves d i f f e r s
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very  much from th e  shape o f th e  c h a ra c te r  curves o f log k ' values 
/s e e : F ig. 16 a-d /. This i s  a d e f in i te  s ign  th a t  in  th e  HPLC 
behaviour o f th e se  m olecu les, such s t e r i c  and e le c tro n ic  fo rces
may p lay  a ro le  which a re  no t taken in to  account in  the  calculation 
2o f X v a lu e s . This i s  an e s tab lish m en t which seems co be p a r t ic u -
2l a r l y  v a l id  fo r  th e  X va lu e  o f th e  d e r iv a tiv e s  w ith  Cg-methyl 
group i . e .  th e  l a s t  one caused an ex trem ely  h igh  in c re a se  in  
log k ' v a lu e s .
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A N A L Y S I S  O F  A M I N O  A C I D S

P r o a ,  o f  t h e  S y m p .  o n  A d v a n c e s  i n  
L i q u i d  C h r o m a t o g r . ,  S z e g e d ,  H u n g a r y , 1 9 8 2
S C R E E N I N G  F O R  A M I N O  A C I D  M E T A B O L I S M  D I S O R D E R S  B Y  
I O N - E X C H A N G E  T H I N - L A Y E R  CHR OMA TOG RA P HY
J ,  KOVÁCS/* P. K I S S * *
^Section of Pediatrics, Péterfy Hospital, Budapest 
^Apáthy István Children's Hospital, Budapest, Hungary
In 1908 S i r  A rchibald  Garrod the  famous Eng lish  p h y s ic ian  i n t r o ­
duced the  concept o f  inborn e r ro r s  of metabolism to  the  medical 
s c ie n c e s .  Since th a t  time tremendous p rog ress  has been made in  
t h i s  f i e l d ,  m ainly due to  the  development o f  e f f e c t iv e  analytical 
te c h n iq u e s .
Among the  v a r io u s  forms o f  inborn e r ro r s  o f  metabolism, 
the  amino a c id o p a th ie s  a re  in  the  foreground, fo r  s e v e ra l  reasons:
1/ the  amino a c id o p a th ie s  a re  the most frequen t inborn 
e r r o r s ,  e .g .  the  inc idence  o f  pheny lke tonu ria  /PKU/ i s  g e n e ra l ly  
1:10000 in  newborn in f a n t s .
2 / By developing modern a n a l y t i c a l  methods the d e te c t io n  
o f  t h i s  type o f  d is o rd e rs  seems to  be the  e a s i e s t .
3/ In the  case o f  an e a r ly  d ia g n o s is ,  the development of 
the  d ise a se  - an o the rw ise  in c u ra b le  mental r e t a r d a t i o n  - can 
be p reven ted  by adequate trea tm en t and the  p a t i e n t  can be ra ised  
as a normal and h e a l th y  in d iv id u a l .
To i l l u s t r a t e  the  importance o f  t h i s  problem i t  should be 
mentioned th a t  u n t i l  1978 more than 30 m i l l io n  newborn babies  
were t e s t e d  throughout the world. Screening a t  t h i s  s c a le  requires 
h ig h ly  p rod u c tiv e  la b o ra to ry  ro u t in e  methods. Ion-exchange TLC 
o f  amino ac id s  on F ix ion  sh ee ts  (1 ) ,  owing to  i t s  s im p l ic i ty  
and r e l i a b i l i t y ,  meets th e se  demands. Between 1972 and 1980,more 
than  18 000 samples were analysed  in  the  authors , la b o ra to ry  w ith  
th e se  tech n iq u es :  the  p re se n t  paper r e p o r t s  on the  main experiences 
of t h i s  work.
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METHODS
The purpose o f  a sc reen ing  program is  to  check a l l  newborn 
babies  in  t h e i r  f i r s t  week o f  l i f e ,  fo r  only the  biochemical 
a l t e r a t i o n s  in d ic a te  an amino ac id  d is o rd e r .
Blood samples d r ied  on f i l t e r  paper a re  c o l le c te d  and 
sen t to  the  la b o ra to ry  (2 ,4 ) .  Discs a re  punched from the  f i l t e r  
paper and placed  in to  tubes .  The e lu t io n  of amino ac id s  i s  p e r ­
formed w ith  a lc o h o l ic  hy d ro ch lo r ic  ac id  s o lu t io n  and the  e lu a te  
i s  t r a n s f e r r e d  onto the  chrom atosheet. To s im p l ify  and to  a c ­
c e l e r a t e  the  p rocedure , small s iz e  10 x 10 cm F ixion 50 x 8 
shee ts  a re  used. With a pH = 5.2 c i t r a t e  b u f fe r  the  s ix  most 
im portant amino a c id s ,  namely a rg in in e ,  h i s t i d i n e ,  ly s in e ,  
phen y la lan in e ,  ty ro s in e  and l e u c in e - i z o le u c in - v a l in e  can be well 
sep a ra ted  in  about 60 m inu tes .  In normal co n d i t io n s  the  blood 
le v e l  o f  the  v a r io u s  amino ac id s  i s  s im i la r  and c o n s ta n t , therefore 
p a th o lo g ic  in c re a se s  - such as w ith  PKU - can e a s i l y  be d e te c te d .
P r a c t i c a l l y  the  same procedure i s  a p p l ied  fo r  thedetection 
o f  branched chain  amino ac id s  too (5 ) .  Using pH 3.3 c i t r a t e  
b u f f e r ,  c l e a r - c u t  s e p a ra t io n  o f  l e u c in e - i s o l e u c in  and v a l in e  
could be achieved.
D e tec tion  of amino ac id s  in  u r in e  has a l s o  an im portant 
r o le  in  c l i n i c a l  p r a c t i c e .  For t h i s  purpose d e s a l t in g  or de- 
p r o t e i n i z a t io n  o f  the  u r in e  samples i s  no t n ece ssa ry .  pH 3.3 
c i t r a t e  b u f fe r  as a so lv en t  on the  conven tiona l chromatosheets 
ensures s u i t a b le  s e p a ra t io n  of the  u r in a ry  amino a c id s .
An im portan t advantage o f  the  F ix ion  method i s  th a t  almost 
a l l  the  most im portant and most f req u en t d is o rd e r s  or amino acid 
metabolism can be d e te c te d  and recognized  /T ab le  1 / .  Among them 
obv iously  the PKU has the  g r e a t e s t  im portance, but in  c e r t a in  
p a t i e n t s  the  e a r ly  d iag n o sis  o f  a l i f e  th re a te n in g  m etabo lic  
d is o rd e r  has c o n s id e ra b le  s ig n i f i c a n c e .
RESULTS AND DISCUSSION
Between 1972 and 1980 more than 18000 blood samples were 
analyzed . The r e s u l t s  a re  summarized in  Table 2.
To i l l u s t r a t e  the  p r a c t i c a l  consequences, the fo llow ing  
i n t e r e s t i n g  cases  can be mentioned.
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TABLE 1
Detectable disorders by Fixion method
Diagnosis
Amino acids in Enzyme
plasma urine deficiency Incidence Clinical features
Ihenylketonur ia PHF o-FHF-
acetic
acid
PHE-OH-ase 1:10000 Mental retardation 
Convulsion Eczema
Hyperphenyl- 
alaninemia
PHE 1:40000
Tyrosinemia 
/ subtypes/
TYR TYR p-HPPA-oxidase 
amino transferase
Failure to thrive 
Richner-Hanhart sy. 
Transient forms
Hyperlys inemia LYS
/nh3/
LYS
N-ac-
LYS
LYS-acylase 
LYS-dehydrogenase 
LYS -keto-glut-red.
Convulsions
Coma
Muscular hypotony 
Progression
Histidinemia HIS HIS 
AI A
HIS-ammonialyase 1:15000 Speech disorders 
/? / Mental retardation 
Therapy /?/
Maple syrup LEU LEU Branched 1 
chain
:200000 Types:
1. classical form
ile ILE ketoacid 1:500000 2. intermittent form
Urine disease VAL VAL decarboxylase 3. mild variant
Hyperleucinemia ILE
LEU —
LEU, ILE- 
transaminase Fatal outcome
Hypervalinemia VAL VAL VAL-transaminase Failure to thrive 
Neural disorders
Cystinuria CYS 3 types
Reanal calculi
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Among the  screened newborns one case o f  PKU was d iscovered  
on the  5 ^  day o f  l i f e .  The chromatogram shows the s t r i k i n g  spot 
o f  e lev a te d  blood pheny la lan ine  le v e l  / F i g . l / .  The d iagnosis  was 
confirmed a t  2 weeks o f  age and p heny la lan ine  f r e e  d i e t  was i n ­
troduced . The somatic and m etal development o f  the  baby turned  
to be com pletely  norm al.
V l
Figure 1. D etec tion  of PKU on 10x10 cm Fixion 
50x8 chromatosheet using  c i t r a t e  
b u f fe r  pH 5.23 N .L . : p a t i e n t  w ith 
PKU
A case of leucinem ia was d iscovered  ana ly s ing  the  blood 
sample of ano ther  newborn baby / F i g . 2 / .  TJntreatable convulsions 
and m etabo lic  a c id o s i s  were the main c l i n i c a l  symptoms.Although 
c o r r e c t  d iagnosis  was e s ta b l i s h e d ,  the th e ra p e u t ic  e f f o r t s  failed 
and the  f a t a l  outcome could not be p reven ted . However, regard ing  
the  fo llow ing  p regnanc ies  of the mother, p re n a ta l  d iag n o sis  may 
be a v a i la b le .
S pecia l i n t e r e s t  i s  d i r e c te d  to  the  ques tion  of neona ta l  
ty ro s inem ia .  ^ h is  d is o rd e r  is  m ostly  t r a n s i e n t ,  but occasionally  
long time therapy  i s  n ece ssa ry .  Therefore  r e g u la r  c o n t ro l  of the 
blood ty r o s in  le v e l  i s  o b l ig a to ry .
Blood samples a re  r e g u la r ly  sen t to  us from p a t i e n t s  w ith 
mental r e t a r d a t i o n .  In th e se  cases e s t a b l i s h in g  the c o r re c t  
d ia g n o s is  enhances the p o s s i b i l i t i e s  of s u i t a b le  t re a tm e n t .
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LEUCiAÍAtMIA
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U N  C
Figure  2. D e tec tio n  of leucinemia using
10x10 cm F ix ion  50x8 chrom atosheet,  
c i t r a t e  b u f fe r  pH 3 .3 . B: blood 
sample o f  leucinaem ic newborn.
U: u r in e  o f  the  same p a t i e n t
N: normal blood serum
A 14 year - o ld  g i r l  was observed throughout her l i f e  
w ith  somatic and m e n ta l re ta rd a t io n , sk in  d is o rd e rs  in c lu d in g  
sc leroderm a. The l a t t e r  co n d i t io n  led  to  walking d i s a b i l i t y .
From one drop o f  blood the  whole c l i n i c a l  p i c tu r e  was clarified. 
The c h i ld  had PKU and her skin  d is o rd e r  i s  a known consequence 
o f  t h i s  d ise a se  i f  u n t r e a te d .  In t ro d u c t in g  low pheny la lan ine  
d i e t  r e s u l t e d  in  a s t r i k i n g  improvement in  her co n d i t io n .
Three cases  o f  maple syrup u r in e  d ise a se  v a r i a n t s  were 
d e te c te d .  The f i r s t  case (6) a th re e  y e a r -o ld  m en ta lly  re ta rd e d  
boy was r e f e r r e d  to  us by the  g e n e t ic  co u n se l l in g  s e rv ic e .  In
h is  blood sample th e re  was a moderate r i s e  in  branched chain
amino a c id s .  In o rd e r  to  e s t a b l i s h  the  type o f  d is o rd e r  a protein 
load ing  was performed. The r e s u l t s  could be c l e a r ly  dem onstrated 
on the  chromatogram / F i g . 3/ as w ell as by q u a n t i t a t i v e  a n a ly s i s .  
The nex t f ig u re  d isp la y s  the  changing p a t t e r n  o f  branched chain 
as w ell as b a s ic  amino a c id s ,  expressed  in  per cen ts  o f  the  
f a s t i n g  l e v e l s :  curve 1: branched chain  amino ac id s  in  p a t i e n t ,  
2: in  h e a l th y  p ro te in  load in  a p a t i e n t  o f  maple syrup u r in e
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d is e a s e  v a r i a n t :  d i s t r i b u t i o n  of branched chain  amino ac id s  in 
blood serum c o n t ro l ,  3: b a s ic  amino ac id s  in  p a t i e n t  and 4: in 
c o n t r o l .
F igure 3.
I t  could be observed th a t  the  level o f  branched chain  amino 
ac id s  p e r s i s t e d  in  the  p a th o lo g ic a l  range, f a i l i n g  to  r e tu r n  
to  the  i n i t i a l  l e v e l ,  whereas no change occurred  in  the  p a t te r n  
o f  the  o th e r  amino ac id s  / F i g . 4 / .
Almost the same la b o ra to ry  and c l i n i c a l  f in d in g s  were 
found in  two u n re la te d  g i r l s .  The l a t t e r  d isp lay ed  c ra n io -  
- f a c i a l  dysmorphism, resem bling th e  Weaver syndrome.
In the  management o f  th e se  p a t i e n t s  low p ro te in  d ie t  
was in troduced ,  complemented w ith  le u c in ,  i s o le u c in ,  v a l in e  
f r e e  formula. Marked improvement was achieved in  t h e i r  mental 
and somatic development.
R ecently  much a t t e n t i o n  has been focussed on the  congeni­
t a l  d is tu rb a n c e s  o f  the  urea cy c le .  Five main enzymatic d e fe c ts  
a re  re s p o n s ib le  fo r  almost s im i la r  c l i n i c a l  consequences.
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TABLE 2
NEWBORN SCREENING 20 000
PKU 2
Leucinemia 1
Tyrosinemia 2
Transient tyrosinemia 5
MOTHERS OF MIOROCEPHALIC CHILDREN 13
Hyperphenylalaninemia 2
SCREENING OF MENTALLY RETARDED: 350
PKH-hyperphenylala-
ninemia 16
MSUP variants 3
Lysinemia 1
Alaninemia /pyruvate-
-carboxylase def./ 1
Generalized amino
acidemia 5
SECONDARY DISTURBANCES OF AMINO ACID
METABOLISM 8
Galactosemia 5
Fructose intolerance
/Tyr-Met-emia/ 1
CPS-deficiency
/Arg-Om-uria/ 1
D-resistant rickets 1
Glycinuria 1
Serious  symptoms o f  the  c e n t r a l  nervous system a r i s e  a l re a d y  in 
e a r ly  in fancy . Their common biochem ical background, the  e le v a te d  
blood ammonia le v e l  i s  r e s p o n s ib le  fo r  the  c l i n i c a l  p i c tu r e .
A 3 month - o ld  boy was adm itted  to  the  h o s p i t a l  in  coma- 
tous s t a t e ,  which was preceded by acu te  f e b r i l e  i l l n e s s  and 
vom iting . Hepatic f a i l u r e  was suspected  which was accompanied 
by e le v a te d  blood ammonia le v e l .  In t h i s  l i f e  th re a te n in g  condi-
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Figure 4. Serum amino ac id  p a t t e r n  a f t e r  3g/kg
p ro te in  load in  MSUD and h e a l th y  c o n t ro l .  
The changing p a t t e r n  o f  a l l  branched 
chain  as w ell as b a s ic  amino ac id s  is  
expressed  in  per cen ts  of the  f a s t i n g  
l e v e l s .  Curve 1. branched chain  amino 
ac id s  in  MSUD; 2. branched chain  amino 
ac id s  in c o n t ro l ;  3 .b a s ic  amino ac id s  
in  MSUD; 4. b a s ic  amino ac id s  in  c o n t ro l
F igure  5. Inc reased  u r in a ry  e x c re t io n  o f  a rg in in e  and 
o r n i t h in e - ly s i n e  in  a p a t i e n t  w ith  carbamyl- 
-phosphate sy n th e ta se  d e f ic ie n c y
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t i o n  the ra p id  amino ac id  a n a ly s is  of blood and u r in e  led  to  the 
c o r re c t  d ia g n o s is .  The blood amino ac id  le v e l  was normal, but in 
the  u r in e ,  a marked d ib a s ic  amino a c id u r ia ,  a rg in in -  and omithin- 
u r i a  were d iscovered  / F i g . 5 / .  This f in d in g  r a i s e d  the possibility 
o f  the d is tu rb a n ce  of the u rea  cyc le ,  f i r s t  of a l l  carbamyl- 
-phosphate sy n th e ta se  d e f ic ie n c y .  P ro te in  r e s t r i c t i o n  r e s u l t e d  
in  dram atic  improvement in  the  p a t i e n t ’ s co n d i t io n  and thedibasic 
amino a c id u r ia  d isappeared .  D irec t  enzyme assay  from l i v e r  biopsy 
specimen v e r i f i e d  our su p p o s i t io n .
CONCLUSIONS
The advantages o f  the  F ix ion  method in  c l i n i c a l  p r a c t ic e  
may be summarized as fo llow s:
1/ From a s in g le  drop o f  blood the  complete amino ac id  
p a t te r n  can be d e tec te d  ( 1 ,2 ,4 ) .
2/ The use o f  one d im ensional, ascending techn ique  w ith  
aqueous so lv en t  systems makes the  method simple, r a p i d , inexpensive 
and rep ro d u c ib le .
3/ S a l t s ,  u rea ,  b i l i r u b i n  or o th e r  substances  which a re  
p re sen t  in  b io lo g ic a l  m a te r ia l  do not i n t e r f e r e .
4 / D e p ro te in iz a t io n  o f  the blood samples i s  n e c e s s a ry , but 
t h i s  could be achieved by very  simple p rocedures .
5/ Under normal c ircum stances  c e r t a in  amino ac id s  are  
p re se n t  in  almost i d e n t i c a l  c o n c e n tra t io n s  in  the  blood, so th a t  
on the  chromatogram the  i n t e n s i t y  of the  h i s t i d i n e  or ty ro s in e  
may serve as in t e r n a l  s tan d ard s .
6/ The s e n s i t i v i t y  o f  the  method i s  s a t i s f a c t o r y .  For 
example, in  the  case o f  p heny la lan ine  i t s  co n ce n tra t io n  of 40 
ymoles / l i t e r  can be e a s i l y  d e te c te d .
7/ The method i s  s u i t a b le  both fo r  l a rg e - s c a le  sc reen ing  
purposes , and fo r  d ie ta r y  c o n t ro l ,  s in ce  the  blood samples may 
be sen t by mail to  the  la b o ra to ry .
8/ In u n c e r ta in  cases ,  the  d iag n o sis  must be confirmed by 
load ing  t e s t s .  The blood samples d r ied  on f i l t e r  paper can be 
c o l le c te d  and the a n a ly s i s  by means of the mentioned methods 
confirms or denies  the d ia g n o s is .
9/ The F ixion method i s  s u i t a b le  fo r  the a n a ly s i s  of u r in e  
and am niotic  f l u i d  (3 ) .
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10/ F in a l ly ,  a q u a n t i t a t i v e  ev a lu a t io n  i s  a l so  p o s s ib le  
by in  s i t u  dens itom etry  (7).
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C O R R E L A T I O N  O F  P H E N Y L A L A N I N E  A ND T Y R O S I N E  V A L U E S  
D E T E R M I N E D  B Y  C O N T I N U O U S  FLOW F L U O R O H E T R Y  A ND  
A M I N O  A C I D  A N A L Y Z E R
A, MRS KOS/ R, P O S P IS IL ,  V.  KOLCOVA
Pediatric Research Institute, 
Brno, Czechoslovakia
The d ia g n o s is  of hyperphenylalan inem ias and ty ro s in e m ia s , proper 
hand ling  o f  pheny lke tonuric  d ie ta r y  the rapy  and pheny lke tonuric  
h e te ro zy g o te  d e te rm in a tio n  i s  more a c c u ra te  than p heny la lan ine  
and ty ro s in e  d e te rm in a tio n s  a re .  But high p r e c i s io n  r e q u i re s  
la b o rio u s  and wearisome o p e ra t io n s  and p rov ides  few d e te rm i­
n a t io n s  only . For amino ac id s  the  ap p re c ia te d  r e fe re n c e  method 
i s  column ionex chromatography namely w ith  shortened  programs. 
For the  assay  of many samples i t  i s  n ecessa ry  to  choose r e l a ­
t i v e l y  p re c i s e  mechanized methodologies e .g .  continous flow 
f luo rom etry  in s te a d  of manual o p e ra t io n s .
The c o r r e l a t i o n  was achieved on 20 serum samples w ith  
d i f f e r e n t  l e v e l s  of p heny la lan ine  and ty ro s in e .  T heir  d e t e r ­
m inations  by ionex chromatography were performed by our own 
shortened  program on the au tom atic  amino ac id  an a lyzer  AAA 881 
(M ikrotechna, Prague) equipped w ith  a 27 x 0 .8 cm column packed 
w ith  s p h e r ic a l  r e s in  O stion LG KS 0802 (Lachema, Brno) to  f i l l in g  
h e ig h t  o f  25 cm. The flow r a t e  o f  0.35 M sodium c i t r a t e ,p H  6.37, 
was 70 m l.h   ^ and th a t  o f  n inhyd rin  35 m l. h ^ . Column ja c k e t  
tem pera tu re  was 53 °C. We used our own m o d if ic a t io n  of automated 
pheny la lan ine  e s t im a t io n  by H i l l  e t  a l .  fo r  continuous flow 
fluo rom etry  and serum blanks d e te rm in a tio n s  accord ing  to  Ambrose’s 
p ro p o s i t io n  fo r  n o n s p e c if ic  f lu o re sce n ce  (Mrsko^,1976). We p e r ­
formed ty ro s in e  e s t im a t io n  by a s l i g h t  m o d if ic a t io n  of Blau and 
Edwards’ s method (1971). For d e te rm in a tio n s  we used AutoAnalyzer 
Mark I w ith  moduls Sampler I I  and Fluometer I I .
Methods e la b o ra te d  in  t h i s  way e n t i t l e d  us to  c a r ry  out 
the  c o r r e l a t i o n  a n a ly s i s  to  a s c e r t a in  t h e i r  a cc u racy , p re c i s io n
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and mutual s u b s t i t u t i o n .  The equation  y = 0.96x + 0.52 shows that 
fo r  two methodologies fo llow ed, (y = ionex chromatography v a lu es ,  
x = flow f luorom etry  va lu es)  th e re  i s  l i n e a r  dependency and the 
re g re s s io n  l i n e  i s  a s t r a i g h t  one. The c o r r e l a t i o n  c o e f f i c i e n t  
r  = 0.9808 i s  h ig h ly  s i g n i f i c a n t .  G u t t l e r  and Hansen (1977)found 
by comparing manual f lu o ro m e tr ic  method and ionex chromatography 
the  c o r r e l a t i o n  c o e f f i c i e n t  0.93 and r e g re s s io n  l i n e  equation  y= 
=0.94x + 0 .38. Ambrose (1973) re p o r te d  th a t  h is  automated method 
fo r  p heny la lan ine  gave a t  the  lowest p heny la lan ine  level 6mg/dl 
by ionex chromatography, a s i g n i f i c a n t l y  h igher r e s u l t  2.41 mg/dl. 
For h igher  p heny la lan ine  le v e ls  the  average va lues  of h is  method 
were no t s i g n i f i c a n t l y  d i f f e r e n t  from column chromatography. 
Although the  c o r r e l a t i o n  a n a ly s i s  i s  performed as a r u le  on 
l a rg e r  s e t s  and i t  i s  n ecessa ry  to  count in  t h i s  case on a r e l a ­
t i v e l y  broad r e l i a b i l i t y  i n t e r v a l ,  i t  could be judged from the 
r e s u l t s  th a t  both methodologies fo r  p heny la lan ine  de te rm in a tio n  
a re  in  c lo se  d i r e c t  dependence.
The second view on the  va lues  of both methodologies should 
answer the  qu es tio n  i f  one methodology does no t produce h igher 
va lues  than  the  o th e r .  By means o f  v a r ia n ce  a n a ly s i s ,  comparison 
of average va lues  and c o n f ro n ta t io n  w ith  c r i t i c a l  t a b le  va lues  
we came to  the  va lues  s t a t e d  below:
Range
mean
2SD
x mg/dl
.55 - 15.15 
6.37 
14.714
y mg/dl
1.98 - 15.94 
6.63 
14.218
F = 1.035 ( p > 0.05) 
t  = 0.212 ( p > 0.05)
A p r o b a b i l i t y  h ighe r  than 0.05 a s c e r t a in e d  by th e se  t e s t s  informs 
us th a t  the  d i f f e re n c e s  were not s t a t i s t i c a l l y  s i g n i f i c a n t .  I t  
means a t  the same time th a t  both m ethodologies, column ionex 
chromatography and continuous flow f luo rom etry , a re  m utually  
r e p la c e a b le  and comparable fo r  the  d e te rm in a tio n  of phenylalanine. 
Continuous flow f luorom etry  i s  then more e f f i c i e n t ,  speedy and 
cheaper, and as to  the  q u a n t i ty  of re q u ire d  blood, more consider­
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a te  to  the  p a t i e n t .
What has been a l re ad y  mentioned could a lso  be a p p l ied  fo r  
ty ro s in e  de te rm ina tion :
r e g re s s io n  l i n e  equation  y = 0.83x + 0 . 4 2
c o r r e l a t i o n  c o e f f i c i e n t  r  = 0.9968
G u t t le r  and Hansen found a c o r r e l a t i o n  c o e f f i c i e n t  of 0.88 and 
t h e i r  r e g re s s io n  l i n e  equation  was y = 0 . 80x + 2 .46. The v a ­
r ia n c e  a n a ly s is  was:
Range
mean
SD2
x mg/dl
1.05 - 12.85 
5.52 
23.262
y mg/dl
0.91 - 11.70 
5.00 
21.278
F = 1.093 ( p > 0.05) 
t  = 0.336 ( p > 0.05)
Tyrosine methodologies a re  m utually  r e p la c e a b le  and comparable.
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O R A L  L O A D I N G  T E S T  W I T H  L - M E T H I  ON I N E
R, POSPISIL, A, IjRSKOS / 0. PODHRADSKA, 
0, STOURACOVA
Pediatric Research Institue, 
Brno, Czechoslovakia
Homocystinuria comprises a group of autosomal re c e s s iv e  disorders 
of sulphur amino ac id  metabolism, '’’he most common type i s  due to  
a d e f ic ie n c y  o f  c y s ta th io n in e  syn thase , a py r idoxa l phosphate- 
dependent enzyme which c a ta ly s e s  the  r e a c t io n  o f  s e r in e  with 
homocysteine to  form c y s ta th io n in e .  This enzyme d e fe c t  r e s u l t s  
in  r a i s e d  blood and u r in e  le v e ls  of homocystine, m eth ionine , 
cyste ine-hom ocyste ine  d isu lp h id e  and o th e r  su lphur amino ac id s  
and in  lack  of b ra in  c y s ta th io n in e .
I t  has been shown th a t  he te rozygo tes  fo r  hom ocystinuria  
have approxim ately  h a l f  the  normal c y s ta th io n in e  syn thase  activity 
in  l i v e r  biopsy specimens. This reduced a b i l i t y  o f  he te rozygo tes  
to  m etabo lize  m ethionine has been t e s t e d  by a number o f  in v e s ­
t i g a t o r s  in  o rder  to  dev ise  a t e s t  fo r  the  c a r r i e r  s t a t e  in  t h i s  
c o n d i t io n .
Dunn, Perry  and Dolman measured plasma m ethionine con­
c e n t r a t io n s  in  4 normal c o n t ro l s  and 4 p a re n ts  a f t e r  anL-methionine 
load fo llow ing  a 14-hour f a s t .  Though th e re  was no overlap  o f  the 
range of m ethionine c o n c e n tra t io n  in  the  two groups a t  4 hours 
p o s t  load, the  d i f f e re n c e  between ranges was i n s u f f i c i e n t  to  
make th i s  a r e l i a b l e  in d ic a t io n  of the  c a r r i e r  s t a t e .  Chase, 
Goodman and O’Brien determined plasma m ethionine in  4 p a ren ts  
and 8 normal s u b je c t s .  Though a d i s t i n c t i o n  between the  two groups 
was no ted , the number of h e te rozygo tes  s tu d ie d  was small and the 
va lue  o f  t h i s  param eter fo r  d e te c t io n  of he te rozygo tes  i s  doubtful.
In the  p re se n t  paper the authors d e sc r ib e  t h e i r  r e s u l t s
ob ta ined  from the  e v a lu a t io n  of the  to le ra n c e  t e s t  by means of
m ethionine load in  a p a t i e n t  w ith  hom ocystinuria , in  her p a ren ts  
and in  a group o f  h ea l th y  c h i ld re n .
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We adm in is te red  100 mg L-m ethionine per k ilogram  of body 
weight fo r  an o r a l  load ing  t e s t .  Urine was c o l le c t e d  24 hours 
befo re  the  cha l len g e  and venous blood samples were taken  a t  0, 
1, 2, 3, 6, 12 and 24 hours a f t e r  m ethionine a d m in is t r a t io n .
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M ethionine, homocystine and t h e i r  o x id a t io n  p ro d u c ts ,  f u r th e r  
d isu lp h id e  cys te ine-hom ocyste ine  were es tim ated  in  serum and 
u r in e  us ing  a sh o r t  programme on an amino ac id  an a ly ze r .
In F i g . l .  the  menthionine va lues  can be seen in  serum of 
the  p a t i e n t  her p a re n ts  and s i s t e r  and in  a group o f  h e a l th y  
c h i ld re n  during the  to le ra n c e  t e s t s .  In normal p a t i e n t s  the 
maximum c o n c e n tra t io n  of m ethionine was observed a t  the  second 
hour, then the  curve decreased  u n t i l  24 to  48 hours when i t  
reached  the  s t a r t i n g  le v e l .  The p a t i e n t  did no t r e tu r n  to  the 
f a s t i n g  va lue  and her maximum was no t too d i f f e r e n t  from the 
norm als. Her p a re n ts  and s i s t e r  had q u i t e  d i s t i n c t  increases and 
maximum and slower decrease  than norm als. The s t a r t i n g  methionine 
v a lue  was reached in  the  f a th e r  only . According to  the  l i t e r a t u r e  
i t  was p o s s ib le  to  d is c r im in a te  h e te ro zy g o tes  by h ighe r  f a s t i n g  
m ethionine l e v e l s .  This was a lso  the case in  our s tudy . I t  was 
i n t e r e s t i n g  th a t  the  f a s t i n g  value  in  proband was lower than 
in  her mother. Of course her f a s t i n g  homocystine le v e l  was high .
In F i g . 2. the  course o f  m ethionine e x c re t io n  in  u r in e  of 
h e te ro zy g o tes  and proband can be seen a f t e r  the  load ing  t e s t  
marked by a slower d e c l in e  from the  maximum a g a in s t  the  normal 
v a l u e s .
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3  -  fa ther
Figure 4
F igure 5
In F i g . 3. serum homocystine was found in  the  p a t i e n t  only 
- th a t  i s  be fo re  and a f t e r  the  load . In the u r in e ,  homocystine 
( F ig .4) was found in  a h igher  c o n c e n tra t io n  a lso  in  the  p a t i e n t  
only  and in  p a re n ts  and s ib l i n g  t r a c e s  of homocystine were found. 
The most r e le v a n t  r e s u l t  accord ing  to  our experience  was observed 
in  the  behaviour o f  mixed d isu lp h id e  cys te ine-hom ocyste ine  in  
u r in e  befo re  and a f t e r  the  m ethionine a d m in is t r a t io n .
This d isu lp h id e  ( F ig .5) in  u r in e  o f  hom ocystinurics  ro se  
slowly to  the tw e l f th  hour and reached  the s t a r t i n g  c o n c e n tra ­
t io n  a f t e r  some days. A s im i la r  course but in  lower concen tra -  
ions was found in  h e te ro zy g o tes  a l s o .
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T H E  M E T A B O L I C  C H A N G E S  O F  A M I N O  A C I D S  
I N  M A T E R N A L  B L O O D  A ND M I L K  D U R I N G  P R E G N A N C Y  O F  H E A L T H Y  
A ND P H E N Y L K E T O N U R I C  MOTHERS
J .  HYÁNEK, H, V I LETOVÁ/ V.  TRNKA, V,  KUNOVA, 
J ,  ÍERVENKA
Medical Faculty, Charles University, 
Prague, Czechoslovakia
INTRODUCTION
P a th o lo g ica l ly  in c reased  c o n c e n tra t io n  o f  pheny la lan ine  in  
m aternal blood has a d e tr im e n ta l  e f f e c t  on the e a r ly  development 
o f  the  f e tu s .  I t s  m a n ife s ta t io n s  a re  low b i r t h  weight .microcephaly, 
co n g e n i ta l  h e a r t  d is e a s e ,  m u l t ip le  bone d e fo rm i t ie s ,  mental r e ­
ta rd a t io n  e tc .  (Waisman 1967,Hansen 1970, Hyánek 1979).
MATERIAL AND METHODS
Changes of amino ac id s  have been s tu d ie d  in  m ate rna l blood, 
am niotic  f l u i d ,  u m b il ic a l  blood and m ate rna l m ilk o f  6 mothers 
s u f f e r in g  from d i f f e r e n t  forms o f  p heny lke tonu ria  and in  6 healthy 
p regnant or b r e a s t - f e e d in g  m others.
Samples o f  venous blood were d e p ro te in iz e d  w ith  the  crude 
s u lp h o s a l i c y l i c  ac id  (300 mg/ml o f  serum ), c e n t r i fu g e d  and 200- 
400 «1 o f  su p e rn a ta n t  were a p p l ied  to  the  column of amino ac id  
an a ly ze r  Mikrotechna AAA 881. Long programme fo r  the whole spec­
trum as w ell as the sh o r t  programme fo r  the  arom atic  amino ac id s  
were used (Spackman 1958, Benson 1969). Samples o f  m aterna l milk 
were d e l ip id iz e d  and d e p ro te in iz e d  b e fo re  a n a ly s i s  on the same 
an a ly z e r .  2 ml o f  m ilk  were tw ice t r e a te d  w ith  2 ml o f  chloroform, 
c e n t r i fu g e d  a t  2500 g fo r  10 min and the  su p e rn a ta n t  was de­
p ro te in iz e d ,  400 p.1 o f  su p ern a ta n t  was app l ied  on the column.
In 3 h e a l th y  b r e a s t - f e e d in g  mothers the  m odified  p e ro ra l
loading test with L-phenylalanine after Guttler and Hansen was
performed (Hyánek 1981). Blood and milk samples were taken befo re
the  load ing  and a t  1 ,2 ,3  and 4 h a f t e r  p e ro ra l  load ing  w ith  L-
-8 -phen y la lan in e  (Merck FRG) 0 .6  mmol per  kg of body w eight.
D irec t  measurement of the pheny la lan ine -hyd roxy lase  a c t i v i t y  in 
t i s s u e  from a l i v e r  b iopsy was not performed.
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PREGNANCY
Figure 1. The change of p heny la lan ine  to le ra n c e  during 
pregnancy o f  pheny lke tonuric  mothers
t
FULL MEAL
Figure 2. The p heny la lan ine  le v e l s  in  m aterna l blood and 
maternal milk after delivery of phenylketonuric b r e a s t ­
feeding mothers.
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RESULTS
A h e a l th y  p la c e n ta  in c re a se s  the  amino a c id  le v e l  in  the 
f e t a l  blood due to i t s  sucking e f f e c t .  The f e to - p l a c e n t a l  quotient 
(FPQ) fo r  the most im portan t amino ac id s  ranges between 0 .5  to 
4 .8 ,  w ith  an average va lue  o f  2 ,2 .  The h ig h e s t  va lues  were r e ­
corded fo r  g ly c in e ,  t a u r in e ,  a rg in in e  w hile  the  low est va lues  
were recorded  fo r  a la n in e ,  le u c in e ,  h i s t i d i n e .  FPQ of  arom atic  
amino ac id s  ( ty ro s in e  4- phenylalanine), in  our groups o f  in v e s ­
t i g a te d  pregnant mothers a re  shown in  Table 1. Our f in d in g s  are  
in  agreement w ith  those  re p o r te d  e a r l i e r  by L indblad (1967) and 
B u t t e r f i e l d  (1963). At the  end of pregnancy many FPQ show a 
dec reas in g  tendency in  c o r r e l a t i o n  to  th e  d ecreas ing  fu n c t io n  
o f  p la c e n ta  (Hyánek 1982). I
In c o r r e l a t i o n  to  the  d ecreas ing  va lues  o f  pheny la lan ine  
FPQ in  pheny lke tonuric  mothers, the  p heny la lan ine  to le ra n c e
/Vin c re a s e s  in  the  ad m in is te re d  food . I t s  va lue  in c re a se s  3-4 
times from the  second h a l f  of pregnancy as shown in  F i g . l .
the  amino ac id  le v e l s  in  m aternal milk of pheny lke tonuric  
mothers a f t e r  d e l iv e ry  do no t c o r r e l a t e  to  the  v a lues  in  maternal 
blood. They hard ly  a t t a i n  1/4 or 1/5 o f  the m o ther’s pheny l­
a la n in e  blood le v e l  as shown in F i g . 2. The mammary s e c re to ry  
mechanism probably  y ie ld s  some p r o te c t iv e  e f f e c t s  on the  phenyl­
a la n in e  s e c r e t io n .  The same d isc re p a n c ie s  of amino acidsbetween 
the  m a te rna l blood and m aterna l milk were observed a lso  in  the 
group of our h e a l th y  b r e a s t - f e e d in g  mothers a f t e r  L-phenylalanine 
load ( F ig .3 ) .  ^he m ilk-serum q u o tie n t  reaches  the  lowest value  
fo r  pheny la lan ine  / 0 . 2 /  and ty ro s in e  / 0 . 3 / .  While fo r  the  o th e r  
amino ac id s  i t s  va lue  ranges from 0 .5  to  0 .7 .
Pheny la lan ine  to le ra n c e  means the  amount o f  p heny la lan ine  in 
umol/kg body w eight/day  th a t  can be m etabo lized  w ithou t increasing 
rh e  th e ra p e u t ic  le v e l  of pheny la lan ine  in  m aterna l blood ( i . e .  
over 400 p m o l/1 ) .
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Figure  3. The le v e l s  o f  p heny la lan ine  in  m aterna l blood
and m aterna l milk a f t e r  L -pheny la lan ine  loading  
in  h e a l th y  b re a s t - f e e d in g  mothers
TABLE I
F e to p la c e n ta l  q u o t ie n t  /FPQ/ o f  arom atic  amino ac id s  in  pregnant 
women s u f f e r in g  from p heny la lan ine  d i s tu rb a n c ie s  /36 -40 t 1^ week 
of pregnancy/
FPQ of FPQ of
Phenyla lan ine  Tyrosine
I .  Pheny lke tonuria :  
S.Z. 2.62 1.42
K.P. 1.50 1,00
§.H. 1,60 1.40
R.M. 1. 60 1.70
S. V.
I I .  Hyperphenylalaninemia
2.0 1.40
V.H. 1.18 3.25
M.E. 3,40 -
K.H. 2.55 0,89
K.L. 2,61 2,90
I I I .  6 H ealthy C ontro ls 2.10 + 0,5 1.72 + 0 ,6
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DISCUSSION
The f in d in g  o f  d i f f e r e n t  l e v e l s  o f  pheny la lan ine  in  ma­
t e r n a l  blood and m ate rna l m ilk  i s  o f  g re a t  importance fo r  the 
b r e a s t - f e e d in g  o f  c h i ld re n  born from pheny lke tonu ric  mothers. 
Some au th o rs  /F is c h  1967, Pueschel 1977/ do no t recommend breast­
feed ing  w ith  own m aterna l m ilk as a p o s s ib le  reason  fo r  in c re a se  
o f  pheny la lan ine  in  the  newborn’s blood. Using L -pheny la lan ine  
t e s t s ,  in  c o n t ro l le d  g e n e t ic  p rev en t io n ,  we can f in d  h ea l th y  
p a r tn e r s  fo r  in tended  m arriage to  pheny lke tonu ria  t r e a t e d  women. 
According to  the  v a l id  g e n e t ic  laws, such a m arriage o f  a woman 
homozygote having pheny lke tonu ria  w ith  a man who i s  a h ea l th y  
homozygote, only produces a he te ro zy g o te  c h i ld  w ith  s u f f i c i e n t  
enzyme system of  pheny la lan in e -h y d ro x y lase .  The p heny la lan ine  
to le ra n c e  o f  the pregnant woman has to  be improved in  the second 
h a l f  o f  pregnancy. Watching the in c re a s in g  pheny la lan ine  t o l ­
erance during  pregnancy we have no doubts , th a t  a phenylketonuria 
he te ro zy g o te  w i l l  be born, and we th e re fo r e  a llow  the  mothers 
to  b r e a s t - f e e d  t h e i r  baby and thus to  enjoy the  happiness  of 
motherhood as the small reward fo r  the  d r a s t i c  d i e t e t i c  therapy 
during  the  whole pregnancy.
SUMMARY
Free amino ac id  in  m ate rna l blood, f e t a l  blood, am niotic  
f l u i d  and m ate rna l m ilk  have been s tu d ie d  by means of column 
chromatography on amino ac id  an a ly ze r  Mikrotechna AAA 881. The 
amino ac id  le v e l s  in  m aterna l m ilk  do not a t t a i n  the  va lues  of 
maternal or f e t a l  blood in  the  group o f  b r e a s t  feeding  mothers 
s u f f e r in g  from p h eny lke tonu ria ,  ^he same f in d in g s  were observed 
in  h e a l th y  b r e a s t - f e e d in g  mothers a f t e r  L -pheny la lan ine  load.
213
REFERENCES
BENSON,J. V . , GORDON,M.JPETTERSON,J.A.: A cce le ra ted  chromato­
g raph ic  a n a ly s i s  o f  amino ac id s  in  p h y s io lo g ic a l  f l u i d s .
A nal. Biochem. ]J3 228-240 (1967)
BUTTERFIELD,L.J., 0>BRIEN,D.: The e f f e c t  o f  m aterna l toxaemia 
and d ia b e te s  on t r a n s p la c e n ta l  g ra d ie n ts  of f re e  amino a c id s .  
A rch .D is .C h ild .  38 326-327 (1963)
FISCH,R.Q., JENNES, S. :  The e f f e c t  o f  excess L -pheny la lan ine  on 
mothers and on t h e i r  b r e a s t  fed in f a n t s .  J .  P e d ia t .  71_
176-180 (1967)
HANSEN,H.: Epidemological c o n s id e ra t io n s  on m aterna l hyperphenyl- 
a lan inem ia . Amer. J .M en t.D e f ic . 7_5 22-26 (1970)
HYÄNEK.J., H0M0LKA, J . , TRNKA, V.: R esu lts  of sc reen ing  fo r  pheny l­
a la n in e  and o th e r  amino ac id  d is tu rb a n c e s  among pregnant 
women. J .  Inher .Metab . Dis . 1_ 59-63 (1979)
HYANEK,J., VILET0VA,H., KUNOVA.V.: Pheny la lan ine  load ing  t e s t  
in  g e n e t ic  c o n s e l l in g :  5 y ea rs ’ experience  w ith  i t s  p re m a r i ta l  
use. J .  Inher .M etab . D is . 4 51-52 (1981)
HYÄNEK, J . :  Some m etabo lic  s tu d ie s  on amino ac id s  during pregnancy.
P ro c . of the  2 0 th  Ann.Symp. of SSIEM, M anchester, 1982 
LINDBLAD,B .S . , BALDESTEN,A.: The normal venous p la sm a-free  amino 
ac id  le v e ls  o f  non-pregnant women and of mother and c h i ld  
during  d e l iv e ry .  Acta P a e d i a t . Scand. 5_6 37-48 (1967)
PUESCHEL,S.M., HURN,C., ANDREWS,M.: N u t r i t io n a l  management of 
the female w ith  p heny lke tonu ria  during  pregnancy. Amer.J. 
C l in .N u tr .  30 1153-1160 (1971)
SPACKNAM,D.H . , STEIN,W.H.,M00RE, S .:  Automatic reco rd in g  appara tus  
fo r  use in  the chromatography of amino a c id s .  Anal.Chem.
30 1190-1206 (1958)
WAISMAN.H.A.: Role o f  hyperphenylalaninem ia in  pregnant women 
as a cause o f  mental r e t a r d a t i o n  in  o f f s p r in g .  Amer.J.
O bste t .  Gynecol. 99_ 431-433 (1967)
214
A N A L Y T I C A L  A N D  P R E P A R A T I V E  S E P A R A T I O N  
O F  P E P T I D E S  A ND P R O T E I N S

P r o a ,  o f  t h e  S y m p .  o n  A d v a n c e s  i n  
L i q u i d  C h r o m a t o g r . ,  S z e g e d , H u n g a r y ,  1 9 8 2
L I Q U I D  C H R O M A T O G R A P H Y ,  T H I N - L A Y E R  C HROMATOG RAP HY  
A N D  H I G H - P E R F O R M A N C E  L I Q U I D  C H R O M A TO G RA P H Y  O F  O X Y T O C I N ,  
V A S O P R E S S I N ,  S O M E  OF T H E I R  S P E C I F I C  A N A L O G U E S  A N D  F R A G M E N T S
L,  B A L Á S P I R I , *  M , VI T O T H ,*  T .  FEKETE,*  T, JANAKY,*
F . AI LÁSZLÓ, G, T O T H , * *  F.  SIROKMAN**
*Institute of Medicinal Chemistry and Endocrinology Unit, 
First Department of Medicine, Medical School, 
Szeged, Hungary
““B io lo g ic a l  Research C en te r ,  Hungarian Academy 
o f S c ien ces ,  Szeged, Hungary
I N T R O D U C T I O N
Oxytocine (OT) was the  f i r s t  b io l o g ic a l ly  a c t iv e  p ep t id e  syn- 
th e t i z e d  in  the  la b o ra to ry  o f  du Vigneaud, in  1953. The vaso ­
p re s s in s  (VPs), 8 -a rg in in e  v aso p re s s in  (AVP) and 8 - ly s in e -v a ­
s o p re s s in  (LVP) a re  a lso  nonapeptides  which d i f f e r  from oxy- 
to c in e  only  in  p o s i t io n s  3 and 8 w ith  p h eny la lan ine  and a r g i ­
n in e  or ly s in e  which rep la ced  the  i s o le u c in e  and le u c in e ,  r e ­
s p e c t iv e ly  (F ig . 1 ).
These kinds o f  p e p t id e s ,  t h e i r  analogues and fragments 
can be sy n th e t iz e d  by two, e s s e n t i a l l y  d i f f e r e n t  r o u te s :  e i t h e r  
by the conven tional ways (1) or by the  so c a l le d  M e r r i f ie ld  so ­
l i d  phase p ep t id e  s y n th e s is  (2 ) .  A ll  syn theses  - except the  p r e ­
p a r a t io n  o f  the sm a l le s t  fragments - a re  followed by very  im­
p o r ta n t  p u r i f i c a t i o n  s tep s  us ing  the  c l a s s i c a l  l i q u id  chroma­
tography (LC) on d i f f e r e n t  k inds o f  columns, t h i n - l a y e r  ch ro ­
matography (TLC) and r e c e n t ly  high-perform ance l i q u id  chroma­
tography (HPLC).
In our re s e a rc h  group we began to  work on t h i s  a rea  in 
1973. The f i r s t  su c c e s s fu l  r e s u l t s  were the  sy n th e s is  o f  OT, AVP 
and s ix  s p e c i f i c  a n t i d i u r e t i c  analogues o f  the  l a t t e r  compound 
(F ig . 2) on s o l id  phase (3 -6 ) .
Since then we have sy n th e t iz e d  th e se  p ep t id e  hormones and 
the  mentioned analogues as p re c u rso rs  o f  io d in a te d  and t r i t i a t e d  
d e r iv a t iv e s  (7-9) fo r  m etabo lic  s tu d ie s  (7 -9 ) .  Severa l o th e r  
s e l e c t iv e  AVP analogues have a lso  been p repared  (10-11).
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Oxytocin :
1 2  3 4 5 6 7 8 9
Cys—T y r - I l e -  Gin— Asn — Cys —Pro—Leu -  Gly —NH2
Glumitocin:
Isotocin ;
Mesotocin :
Vasotocin:
[8 - Arginin] Vasopressin: 
(8 - Lysinl Vasopressin:
Cys—T yr-H e  — Ser — Asn — C p — Pro — Gin— Gly—NH2 
Cys—T y r - I le  — Ser — Asn — Cys — Pro —I *  — Gly— NH2
C^ s — Tyr—Ile —Gin —Asn — Cys—Pro —Ile — Gly —NH2 
Cys—T y r - I l e - G i n  — Asn— Cys - P r o - A r g  -  Gly— NH2 
Cys — Tyr—£ h *— Gin —Asn — Cys-Pro - A r g -  Gly—NH2 
Cys — T y r -P t» e -G ln — Asn — Cys— Pro—Ly* — Gly— NH 2
I__________________ I
A VP*
1 2 3 4  5 6 7  8 9  
Cys -Tyr -  P h e-G ln  -  A sn  -  Cys -  P ro  j  Arg f  Gly -  NH2
L }
DAVP* C y s-T y r - P h e - G l n -  A sn  -  C ys -FV o -f D-Arg |- Gly -  NH2
VAVP : C ys -Tyr -  P h e (-V o lf A sn -  Cys -  P ro -fÄ rg }  Gly -  NH?
VDAVP: Cys -T yr -  Phel-Val I- A sn  -  Cys -  P ro  4 D -A rg (- Gly -  NH2
L 1
dVAVP : 1 M p a 4 V  -  Phe[-Vbl A s n - C y s - P r o - |  A rg [-G ly -N H 2
dVDAVP: 1 M pa f  Tyr -  P h e  fA bT [-A sn -  Cys -  P ro -[D ^A rg l-G ly  -  NH2
dD A V P*: M pa }-Tyr -  P h e -G ln  -  A sn  -  Cys -  P ro  -f D -A rg]- Gly -  NH2
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Figure 1 S tru c tu re  o f n a tu r a l ly  o ccu rrin g  p o s te r io r  
p i t u i t a r y  p ep tid e  hormones i s o la te d  from 
i t s  e x t ra c ts
F igure  2 The s t r u c tu re  o f some s p e c if ic  a n t id iu r e t ic  
(AD) AVP a n a lo g u es . Mpa = m ercap toprop ion ic  
a c id , DAVP = (8 -D -a rg in in e ) -v a so p re s s in , 
dVDAP 1 (1-deam ino, 4 -v a lin e , 8 -D -a rg in in e )- 
-v a so p re s s in , dDAVP = (1-deam ine, 8 -D -a rg i-  
n in e l-v a s o p re s s in
A ll syn theses  were c a r r i e d  out us ing  the  M e r r i f i e ld  so ­
l i d  phase p ep t id e  sy n th e s is  method m odified  by MANNING (12) and 
MEIENHGFER (13) fo r  p roduc tion  of p o s te r io r  p i t u i t a r y  hormones.
DISCUSSION
Three main consecu t ive  s te p s  a re  f r e q u e n t ly  used in  the  methods 
o f  p re p a ra t io n  o f  p e p t id e s :
I .  S yn thes is  o f  the  p ro te c te d  amide,
I I .  D ep ro tec tion  and o x id a t iv e  form ation  o f  d isu lp h id e  
b r idge ,
I I I .  P u r i f i c a t io n  of the  crude p ep t id e  amide by LC on 
Sephadex G columns and a n a l y t i c a l  c o n t ro l  of the 
homogeneity o f  the  pure p ep t id e  by TLC or HPLC.
Example fo r  p u r i f i c a t i o n  o f  OT and AVP analogues i s  ge l 
f i l t r a t i o n  on Sephadex G-15 ge l columns in  two consecu t ive  runs 
u s ing  a c e t i c  ac id  con ta in ing  e lu e n ts  (50% and 0.05 M aqueous 
s o lu t io n s  in  the f i r s t  and second s te p s  o f  p u r i f i c a t i o n ,  r e ­
s p e c t iv e ly ) ,  the  chromatogram can be seen in  Fig. 4.
We have r o u t i n l y  used TLC as the  c o n t ro l  of p u r i t y  of 
OT, LVP and AVP as w ell as t h e i r  analogues . Table 1 summarizes 
the  r e s u l t s  from our e a r l i e r  p u b l ic a t io n s  (3 -6 ) .
TLC d a ta  o f  s e v e ra l  r e c e n t ly  s y n th e t iz e d  p ro te c te d  AVP, 
LVP and OVP (8 -o rn i th in e  v aso p re ss in )  analogues (14) can be 
found in  Table 2.
TEPLAN and h is  .co-workers s y n th e t iz e d  the  t r i t i a t e d  LVP3
( H-LVP) fo r  m etabo lic  s tu d ie s  (15) which has been performed
(16). A f te r  s e v e ra l  weeks the  o r i g i n a l l y  pure product was p a r ­
t i a l l y  des troyed  because of known rea so n s .  We s u c c e s s fu l ly  r e -  
3
covered the  H-LVP in  f u l l  s p e c i f i c  b io lo g ic a l -  and r a d io ­
a c t i v i t y  by the  he lp  o f  a tw o-step  micro procedure using  ca rb -  
oxymethyl c e l lu lo s e  and CG-50 column chromatography (17). The 
e l u t io n  curves w ith  d e te c t io n  o f  b io lo g ic a l -  and r a d i o - a c t i v i t y  
a re  shown in  Figs 5, 6 and 7.
Up to  now, t r i t i a t i o n  o f  v a so p re s s in s  and t h e i r  ana­
logues has no t been p e r f e c t ly  solved (9 -11 ) .  R ecently  we
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Table 1
Analogues
System (R^ )
BAW GO- CHCl~/MeOHBAW (4:1:1) BAW (4:1:5) BAW (8:5:4) :20:6:24) l7 :3)
prot. free prot. free prot free prot. free prot. free
0T _ 0,47 0,6
AVP 0,50 0,40 0,19 0,55 0,63
LVP 0,50 0,40
DAVP 0,55 0,17 0,47 0,63
dDAVP 0,60 0,35 0,53 0,67
VAVP 0,60 0,20 0,20 0,60 0,48
VDAVP 0,17 0,96
dVAVP 0,60 0,21 0,40 0,61 0,45
dVDAVP 0,65 0,22 0,45 0,70
Table 2
Analogues
System (R^ )
BAW (4:1:1) BPAW (30:20:6:24)
Pip7AVP 0,81 0,65
dPip7AVP 0,68 0,62
D-Pip7AVP 0,65 0,60
dDPip7AVP 0,63 0,60
/desGly-NH2/ 9dVDAVP 0,71 0,72
/desGly-Nl^/ 9dDAVP 0,70 0,65
/desGly-NH2/ 9AVP 0,67 0,71
/desGly-Nl^/ 9LVP 0,67 0,71
/desGly-NH2/ 9OVP 0,47 0,72
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B O C  -  G ly  < R )
1. AcOH/HCt
2. CH2 Cl2 /TIA
TOS
3. BOC-D-Arg-OH in DMF
♦ DCC in DMF
I pzt
C H ^ H ^ O - T y r -
B O C - D - A  r g  G l y < R )
T0S I
B O C  -  P r o - O - A r g  -  G l y - ( R )
Pzl T0S I
P h e - ' A i t - A s n - C y s - P r o - D - A r g  *  G l y - ( g )
; 1. n h 3 / h p o h - dhf
[ B z l  B z l  T O S  i 2 *OH/EtOH
C H o - C H o - C O - T y r - P h e - V a l - A s n - C y s - P r o - D - A r g  *  G ly  - N H o
1. liq. NH3/NQ 
2 0,11 M KjiFdCN^]
3. K3 3X4(cNoride form)
V Sx G--5 50% AcOH
Figure 3 Synthesis  o f  (1-deamino, 4 -v a l in e ,  
8 -D -a rg in en e)-v aso p ress in  (dVDAVP) 
by M e r r i f ie ld  p ep t id e  s y n th e s is  on 
s o l id  r e s in
PURIFICATION OF dVDAVP  
S ep h a d ex  G -15 (110x2 7cm) 
5 0  7 .  A c O H
R a t e ^  7  5  m l / h r s
Sephadex G-15 (110x1.2 cm )
P u r i f i c a t io n  o f  crude (1-deamino, 4 -v a ­
l i n e ,  8 -D -a rg in in e )-v a so p re s s in  by ge l 
f i l t r a t i o n .  Peaks were d e te c te d  a t  280 ran, 
flow r a t e  was 7.5 m l/h  and 5.8 m l/h in  the 
experiments us ing  the  50% and 0.2% a c e t i c  
a c id ,  r e s p e c t iv e ly
F igure 4
CMC
3Figure  5 E lu t io n  curve o f  crude H-LVP from 
carboxymethyl c e l lu lo s e  column
CG -5 0
3
Figure 6 E lu t io n  curve o f  crude H-LVP from 
CG-50 column
#•
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3Figure  7 P u r i ty  c o n t ro l  o f  recovered  H-LVP 
by measurement o f  r a d i o a c t i v i t y  and 
ADH-activity
a p p l ied  d i f f e r e n t  approaches fo r  tw o-step  t r i t i a t i o n  o f  OT and 
AVP analogues s t a r t i n g  from pure analogues us ing  io d in a te d  de­
r i v a t i v e s  as p re c u rso rs  (7-11) which a re  d i f f e r e n t  from any
3
h i t h e r t o  known s y n th e t ic  way o f  H-LVP (15) . Without going i n ­
to  d e t a i l s  an e lu t io n  curve w i l l  be shown, ob ta ined  a t  the  pu­
r i f i c a t i o n  o f  io d in a te d  LVP (18) on HPLC column (Fig . 8 ).
S ep ara t io n  o f  io d in a te d  LVP and AVP analogues on Sephadex 
G columns (19), c o n t ro l  on TLC p la te s  and v e r i f i c a t i o n  o f  the  
su c c e s s fu l  s e p a ra t io n  by LOWRY t e s t  and UV s p e c t r a  w i l l  soon 
be p ub lished  (9 ) .
R ecently  the  s y n th e t ic  work o f  analogues o f  OT and VP 
has been tu rned  to  look fo r  new, r a th e r  s p e c i f i c  a n ta g o n is ts .  
E s p e c ia l ly  i n t e r e s t i n g  r e s u l t s  have emerged from Manning’s l a ­
b o ra to ry ,  where the study o f  p o s te r i o r  p i t u i t a r y  hormones, t h e i r  
analogues , metabolism and r e c e p to r s  a re  in  the  l im e l ig h t .
Recently , th e re  has been an in c re a s in g  i n t e r e s t  in  the 
p u r i f i c a t i o n  and a n a l y t i c a l  c o n t ro l  o f  medium s ized  p ep t id es  
(between 300 and 3000 MW) perform ing the  s e p a ra t io n  by re v e rs e d -
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Figure 8 E lu t io n  curve o f  the  s e p a ra t io n  
o f  LVP, m ono iod ine- ly sine-vaso -  
p r e s s in  (MI-LVP) and d i io d in e -  
- ly s in e -v a s o p re s s in  (DI-LVP) on 
u-Bondapack C-^ g column by HPLC (9)
F igure 9 HPLC s e p a ra t io n s  o f  Neuro-
physin I (a) and Neurophysin 
I I . ( B ) .  E lu t io n s  were made by 
51.6% methanol and 48.4% 0.01 
M a c e ta t e  b u f fe r  (pH 5.7) w ith  
1 ml/min flow r a t e .  I n s e t  f i ­
gures a re  t h e i r  PAGE i n v e s t ig a ­
t io n  (C and D) in  7 . 5% acrylam ide 
g e ls  us ing  t r i s - g l y c i n e  b u f fe r  
a t  pH 7.9 (23)
7.24
Figure 10 HPLC chromatogram of th e  AVP analogues 
on ju-Bondapack C,„ column by e l u t io n  of 
.0 .075 M tr ie th y la m in e  - a c e t i c  ac id  b u f fe r  
w ith  6% THF as o rgan ic  m od if ie r  (25)
Figure 11 HPLC s e p a ra t io n  
of OT and i t s  D-analogues 
on u-Bondapack Cps column. 
E lu t io n s  were made by 
0.05 M ammonium a c e ta t e  
(pH 4) - te t ra h y d ro  furane 
9:1 w ith  flow r a t e  = 1.6 
ml/min an 0.01 M ammonium 
a c e ta t e  (pH 4) - methanol 
82:18 w ith  flow r a t e  2 ml/min 
on the  upper and bottom 
f ig u r e s ,  r e s p e c t iv e ly  
(24)
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Ti m e Imin)
Figure  12 HPLC se p a ra t io n  of MIF (4) and 
P a rep tid e  (B) (26)
F igure 13 HPLC se p a ra t io n  o f  AVP analogues
on p Bondapack C]_8 column, e lu t io n  
was made in  0.075 M t r ie th y la m in e  - 
a c e t i c  ac id  b u f fe r  co n ta in in g  6% 
te t r a h y d ro fu ra n e . D etec tion  was 
made a t  280nm
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Figure  14 HPLC a n a ly s i s  o f  s e v e ra l  MIF analogues 
( l e f t  s ide )  and fragments ( r ig h t  s ide)  
on LiChrosorb RP-8 column (3 .2  x 150 nm) 
using  phosphate b u f fe r  (pH 7, 0.015 M) 
and a c e to n i t r y l  6:4 w ith  1 ml/min flow 
r a t e  (30). D e tec tion  was made a t  280 nm
phase HPLC (22). Novel da ta  (23-27) in d i c a te  HPLC fo r  i n v e s t i ­
g a t io n  o f  0T, VP t h e i r  analogues and fragm ents . GLASEL (23) 
s ep a ra ted  the  p rec u rso rs  o f  0T and AVP th a t  i s  the  Neurophysin I 
and I I  on rev e rsed -p h ase  high performance l i q u id  chromatography 
(RP-HPLC) which can be seen in  Fig. 9. HRUB and h is  co-workers 
a lso  c o n t r ib u te d  to  t h i s  to p ic  (24, 25), they  s u c c e s s fu l ly  s e ­
p a ra te d  AVP and i t s  d ia s te reo iso m e rs  by RP-HPLC (F igs .  10 and 
11). KR0L and h is  co-workers (26) dem onstrated the  oxy toc ine  C- 
- te rm in a l  t r i p e p t i d e  amide fragments (MIF) and one o f  i t s  s t r u c ­
t u r a l  analogues (p a re p t id e )  in  blood plasma (F ig . 12).
ADH-specific AVP analogues were s y n th e t iz e d  e a r l i e r  (3 -6 ) .  
The chromatograms of RP-HPLC s e p a ra t io n  o f  MIF analogues and 
fragments a re  given here  (Figs 13 and 14) as two examples o f  our 
re c e n t  work (28-30).
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SUMMÁKY
An overview i s  p re sen te d  here  on the  chemical a s p e c t s ,  c l a s s i c a l  
l i q u id  chromatography, t h i n - l a y e r  chromatography and h ig h -p e r ­
formance l i q u id  chromatography o f  oxy toc ine , v a so p re s s in s  and 
se v e ra l  o f  t h e i r  analogues and fragm ents.
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INTRODUCTION
The a p p l ic a t io n  of micro columns fo r  l iq u id  chromatography was 
f i r s t  put in to  p r a c t i c e  by Sandakhchiev, Grachev and Kuzmin (2). 
Horváth and Lipsky (1) in 1967 used micro column w ith  0 .5  mm in 
d iam ete r ,  packed w ith  p e l l i c u l a r  ion exchanger. Subsequently, 
s e p a ra t io n  of substances  on small bore columns has been d e v e l ­
oped by se v e ra l  groups of s c i e n t i s t s  (3 -6) .
The advantages of micro column chromatography (MCC) are  
i t s  c a p a b i l i t y  to  provide high e f f ic ie n c y ,  high speed and high 
mass s e n s i t i v i t y  which ren d ers  the  adequate a n a ly s i s  of sub­
s tan ce s  on picogram range. An a d d i t io n a l  f a c to r  to be mentioned 
i s  th a t  the o p e ra t in g  cos t i s  reduced by a f a c to r  of n e a r ly  10G 
to  1000 inc lud ing  the economy o f  both the sorben t and the  e lu e n t .
Micro columns fo r  ge l chromatography were re p o r te d  mainly 
fo r  the  group se p a ra t io n  of io d in a te d  compounds (7) and the  micro 
bore column chromatography us ing  long c a p i l l a r y  tubes rendered  
high e f f ic ie n c y  bes ides  being economical w ith  the  s o r b e n t , eluent 
and substances  to  be sep a ra ted .  As e a r ly  as in  1966, Nystrom 
and S jö v a l l  (8) wrote the  se p a ra t io n  o f  v itam in  K analogues 
(about 20 yUg each of v itam ins  K2 (40) -K2 (10) on a caP i H a r y 
column of m ethyla ted  Sephadex G-25 su p e r f in e  where the internal 
d iam eter of tub ing  was 1.5 mm.
The ge l  chromatographic s e p a ra t io n  of p ep t id e s  of s im i la r  
m olecular s iz e s  i s  based on the use of h igh s e l e c t i v i t y  processes. 
E i th e r  the HPLC so rben ts  fo r  ge l chromatography (9-11) can be 
used or the  in c re a se  of e f f i c i e n c y  by the  a p p l ic a t io n  of cascade
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or m ultid im ensiona l chromatographic p rocesses  (12-13) can be 
performed or the  combination o f  th e se  two, above mentioned 
methods, th a t  i s  the  cascade or m ultid im ensiona l system of HPLC 
columns can be used.
Conventional chromatography uses  a system of  va lves  fo r  
c o n t ro l l i n g  the  m ig ra tio n  o f  substances  along a system of sep ­
a r a t in g  columns. However, t h i s  approach i s  q u i te  u n s u i ta b le  fo r  
MCC because of i t s  co n s id e ra b le  e x t ra  column band sp read ing .
The p re se n t  work d e sc r ib e s  the  a p p l ic a t io n  o f  cascade of 
columns to  MCC. Columns c o n s is t  of po lye thy lene  c a p i l l a r i e s  
which can e a s i l y  be connected to  each o th e r  or to  the o u t l e t  
tube o f  the  d e te c to r  ( F i g . l ) .  This procedure o f  ca r ry in g  out 
cascade MCC can v i r t u a l l y  com plete ly  p reven t zone spread ing  in  
column connec tions .
MATERIAL AND METHODS 
M a te r i a l s :
CytochromeC (Schuchardt,  FRG), i n s u l i n  (Riga Meat P la n t ,  
SU), f r e s h ly  d i s t i l l e d  cyanogen bromide (Serva, FRG) formic acid
C.P. grade (S oyuzreak tiv ,S U ), guan id ine  hyd ro ch lo r id e ,  pure 
grade (S oyuzreak tiv ,S U ), Sephadex G-10, Sephadex G-50, su p e r f in e  
(Pharmacia Fine Chemicals Uppsala, Sweden), Spheron P-1000 
(Lachema, Czechoslovakia).
A p p ara tu s :
A Kh Zh-1305 micro column l i q u id  chromatograph (Spec ia l 
Design Bureau o f  A n a ly t ic a l  In s tru m en ts ,  Academy o f  Sciences of 
the  USSR) and a sp ec tropho tom etr ic  d e te c to r  w ith  a 1 ml flow 
c e l l  were used.
Methods:
P o lye thy lene  columns w ith  i . d .  of 0.085 to  1.00 mm and 22 and 
11 cm in  le n g th  were used. The columns were packed w ith  a 80 % 
s lu r r y  o f  Sephadex G-50 (20-30 >im f r a c t io n  in  the  wet s t a t e )  
swollen in  the  e l u t io n  b u f fe r .  The sorben t s lu r r y  was pumped 
in to  a c a p i l l a r y  c o n ta in e r  20-25 cm in  le n g th ,  the column was 
connected w ith  i t  and the  so rben t s lu r r y  was in troduced  in to  i t  
w ith  an e lu e n t  s tream  a t  a flow r a t e  of 250 yal/h. When the  
so rben t le v e l  reached the  column edge, the e lu e n t  was pumped
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Fig.l. Scheme of connections of micro colurms in cascade MCC.
1: Polyethylene micro column. 2: Packings, 3: Porous 
titanium f i l te r .
through the  whole system a t  a r a t e  o f  500 ^ il /h  u n t i l  the  so rben t 
l e v e l  ceased to  dec rease .  Subsequently  the  c a p i l l a r y  co n ta in e r  
was d isconnec ted  from the  system and the  column was washed w ith  
the  flow r a t e  of e lu en t  o f  250 ^jul/h u n t i l  a s t a b l e  b a s e l in e  was 
e s t a b l i s h e d .
The columns were packed w ith  Spheron P-1000 (20-30 um 
f r a c t io n  in  wet s t a t e )  in  a s im i la r  manner by using  a 50 % slurry 
in  an e th an o l-w a te r  m ixture  (9 :1) by volume, the  flow r a t e  of 
e lu e n t  was 5.4 m l/h . The column was washed w ith  d i s t i l l e d  water 
(2-3 m l/h) and e q u i l ib r a t e d  w ith  the  e lu t in g  b u f fe r  a t  a flow 
r a t e  o f  2 ml/h.
The o p e ra t io n  proceeded as fo llow s: the  components th a t  
had to  be a d d i t io n a l ly  sep a ra ted  a f t e r  undergoing chromatography 
on one column or on se v e ra l  columns connected in  s e r i e s  were 
in troduced  in to  a column d i r e c t l y  connected to  the  o u t l e t  of the 
d e te c to r  o f  the  micro column chromatograph. Subsequently t h i s
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Fig.2. Scheme for recycling exclusion MCC of a mixture of 1)in i t ia l  
insulin, 2) insulin chain B, 3) insulin chain A and 5) low 
molecular weight products, P: pump, D: detector, and
: columns.
Curve above detector: recording of chromatograms in each 
cycle (shaded peaks represent collected fractions).
column was d isconnec ted  from the  d e te c to r  and connected to  a 
new system of  columns or was d i r e c t l y  e lu te d  w ith  a new so lv en t  
by p la c in g  i t  between the  pump and the  d e te c to r .  These operations 
can be c a r r i e d  out e i t h e r  on one micro column chromatograph or 
s e v e ra l  chromatographs can be used s im u ltaneously ,  i . e .  the 
co lum n-detec to r  system can be regarded  as a s e p a ra t in g  u n i t  as 
i t  i s  u s u a l ly  done in  cascade chromatography (14).
RESULTS AND DISCUSSION
The r e a c t io n  m ixture  of d en a tu ra ted ,  reduced and carboxy- 
m ethy la ted  in s u l in  (mixture of A and B in s u l in  chain  (16) was 
sep a ra ted  on th re e  po lye thy lene  columns. 0.085 cm in  d iam eter 
and 28, 12 and 11 cm in leng th  packed w ith  Sephadex G-50 in  a 
5 M guanid ine h yd roch lo r ide  aqueous s o lu t io n .  The se p a ra t io n  
scheme i s  shown in  F i g . 2. One column (C^) was s t a t io n a r y  and
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Fig.3. Recycling exclusion MCC of 1.5 nmol of the reaction mixture of 
insulin on three columns (0.085 x 28, 12 and 11 cm) packed with 
Sephadex G-50, eluent: 5 M guanidine hydrochloride solution, 
elution rate: 0.16 ml/h.
was connected to  the  d e te c to r  c e l l ,  the  o th e r  two columns were 
re p la c e a b le  (C2  and C^). One of the  r e p la c e a b le  columns ( C2  ^
was connected to  the  d e te c to r  o u t l e t  and served as a r e c e iv e r  
fo r  the  sep a ra ted  components. A f te r  the  re q u ire d  f r a c t io n  had 
been t r a n s f e r r e d  in to  C2  under d e te c to r  c o n t ro l ,  i t  was d isc o n ­
nec ted  and connected in  f ro n t  of C^, d i r e c t l y  to the  i n i e c to r .  
Thus, the  succeedin? s e p a ra t io n  cycle  was c a r r i e d  out on two 
columns (C-^  an C2 ) . I f  the  f r a c t io n  d i r e c te d  to  re c y c le  was of 
la rg e  volume, two columns, C2  and were placed  in  s e r i e s  a f te r  
the  d e te c to r  and then connected in  f ro n t  of the  s t a t io n a r y  column 
fo r  the nex t s e p a ra t io n  cy c le .  F ig .3 shows the e lu t io n  p r o f i l e  
of the s e p a ra t io n .
I t  i s  c l e a r  th a t  the  complete s e p a ra t io n  of A and B insulin 
chains  proceeds in  four cyc les  (about 4 h o u r s ) . The se p a ra t io n  
time of t h i s  m ixture  by conven tional r e c y c l in g  chromatography 
was about 40 hours (16). However, i f  5 M guanidine hydrochloride 
i s  used as e lu e n t ,  the  f r a c t io n s  should be d e s a l te d  fo r  the
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Fig.4. Separation of 10 nmol of fragments of cytochrome c by 
exclusion MIC on two columns connected successively 
(0.085 x 22 cm,each) packed with Sephadex G-50.
f u r th e r  work. Since the  volume of f r a c t io n s  i s  only a few m l, i t  
i s  r a th e r  d i f f i c u l t  to  perform the  d i a ly s i s  in  a bag or o th e r  
v e s s e ls  and the  p o s s ib le  lo ss  can a lso  be c o n s id e ra b le .  Cascade 
MCC makes i t  p o s s ib le  to  c a r ry  out d e s a l t in g  of f r a c t io n s  d i ­
r e c t l y  in  the  course of MCC w ith  a minimum lo ss  of sample. The 
re q u ire d  f r a c t io n s  were t r a n s f e r r e d  in to  a column with i . d .  of 
1 mm and 21.5 cm in  len g th  packed w ith  Sephadex G-10 .equilibrated 
w ith  an ammonia s o lu t io n  (pH 9 ) and a t ta c h e d  to  the  c e l l  o u t l e t .  
Subsequently, e lu t io n  was c a r r i e d  out w ith  the  same b u f fe r , f lo w  
r a t e  was 1 m l/h  and the  f i r s t  p ep t id e  peak was c o l le c te d  in  an 
ampule. The e lu a te  was f r e e z e -d r ie d  and used fo r  f u r th e r  in v e s ­
t i g a t i o n  .
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The product o f  p a r t i a l  cyanogen bromide d ig e s t io n  of c y to ­
chrome C was o b ta in ed  accord ing  to  r e f . (17). I t  c o n ta in s  amixture 
o f  f iv e  p e p t id e s ,  c h a ra c te r iz e d  by t h e i r  o rd e r ,  r e l a t i v e  molecular 
weight and number o f  amino ac id  r e s id u e  comprising the  p ep t id e s  
1) 8000 and 1-80; 2) 6500 and 1-65; 3) 3800 and 66-104; 4)2300 
and 81-104; 5) 1400 and 66-80, r e s p e c t iv e ly .
These p e p t id e s  have been com plete ly  sep a ra ted  (17) by ge l 
chromatography on Sephadex G-50 ge l  column (5 x 250 cm) using  
10 % aqueous formic ac id  s o lu t io n  as e lu e n t ,  in  72 hours . By 
MCC- the  p a r t i a l  cyanogen bromide d ig e s t  of cytochrome c was 
sep a ra ted  on four columns. and C2  were packed w ith  Sephadex 
G-50, each 22 cm in le n g th ,  and , each 11 cm in  le n g th ,  
were packed w ith  Spheron P-1000. The p ep t id e  m ixture  was separated 
in to  four f r a c t io n s  on two columns, C-^  and C2 , connected in  
s e r i e s .  A 10 7» aqueous formic a c id  s o lu t io n  was used as e lu en t  
( F ig .4 ) ,  the  f i r s t  f r a c t io n  was a m ixture  o f  poo r ly  sep a ra ted  
p ep t id e s  1) and 2 ) .  This f r a c t io n  was in j e c te d  onto the  column 
. The p ep t id e s  3) and 4) were sep a ra ted  b y . th e  method of 
r e c y c l in g  in  micro column and the  f r a c t io n s  were c o l le c t e d  after 
the  t h i r d  cy c le .  P ep tide  5) was w ell s ep a ra ted  and c o l le c t e d  a t  
once. For complete s e p a ra t io n  o f  p e p t id e s  1) and 2 ) ,  columns C-^  
and C2  were rep la ced  by columns and C^. 10 7» aqueous formic 
ac id  s o lu t io n  c o n ta in in g  3 7> o f  t e r t .  bu tano l was used as e lu e n t .  
F i r s t  o f  a l l ,  column C, was connected to  the d e te c to r  and washed 
w ith  the  e lu en t  w hile  the  base l i n e  became s t a b l e .  Subsequently, 
column was connected to  i t  from the  above and thus  p ep t id e s
1) and 2) could be in troduced  in to  the  system. These p ep t id e s  
were com plete ly  s ep a ra ted  during  one cyc le  a t  an e l u t io n  r a t e  
o f  500 yul'h. The e l u t io n  p r o f i l e  fo r  the  complete s e p a ra t io n  of 
cytochrome c fragments i s  shown in  F i g . 5. The s e p a ra t io n  time 
was only  about 3 hours, i . e .  the  procedure o f  s e p a ra t io n  was 18 
times f a s t e r  than fo r  the  u su a l  p rocess  (17).
In  the  above case  o f  s e p a ra t io n s  d i f f e r e n t  packings in  
columns (Sephadex and Spheron) and re c y c l in g  had to  be used to  
reach  the  adequate r e s o lu t io n .  However, to  improve the  efficiency 
o f  the  s e p a ra t io n  system, m u ltid im ens iona l p ro cesses  invo lv ing  
no t only  gel chromatography but ad so rp t io n  or r e v e rs e  phase
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Fig.5. Cascade MCC of 20 nmol fragments of cytochrome c on two columns 
(0.085 x 22 cm) packed with Sephadex G-50 (eluent 10 °h aqueous 
formic acid solution with 250 ml/h flow rate) and two columns 
(0.085 x 11 cm) packed with Spheron P-1000 (eluent 10 %  aqueous 
formic acid containing 3 °L of t e r t . butanol with 2 ml/h flow rate) 
Dotted line shows limits between separation cycles on Sephadex. 
Cycle IV represents the separation of fraction A on Spheron 
P-1000. Bold line shows fractions separated in each cycle.
chromatography, too , can a lso  be used in  the  cases  o f  p ep t id e s  
w ith  s im i la r  m olecu la r  w eigh ts .
I f  the  p ep t id e s  a re  d e te c te d  a t  280 nm, the  s e n s i t i v i t y  
o f  m onito ring  i s  determined by the  arom atic  amino ac id  re s id u e s  
of the  s o lu te s .  The a n a l y t i c a l  r e c y c l in g  MCC i f  i n s u l i n  fragments 
was c a r r i e d  out w ith  1 .0  to  1.5 nanomol o f  the  sample and the 
peak h e ig h t  was 80 °L and 20 to  30 °L of  the f u l l  s c a le  in  the 
f i r s t  cyc le  and in  the  fo u r th  c y c le ,  r e s p e c t iv e ly .  For the  
s e p a ra t io n  of cyanogen bromide d ig e s t  o f  cytochrom c, the  ana­
l y t i c a l  p o s s i b i l i t i e s  were about 10 nanomol because of d i f f e r e n t  
amounts o f  arom atic  amino ac id  re s id u e s  in  the  p e p t id e s ,  the 
peak h e ig h ts  were ranged from 80 7* to  2.5 % of the  f u l l  s c a le .
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DF i g . 6. S ep ara t io n  of 10 nmol fragments of cytochrome c by 
exc lu s ion  MCC on two columns connected in  s e r i e s  
(0.085 x 22 cm each) packed w ith  Sephadex G-50. 
E luen t:  10 % aqueous formic ac id  s o lu t io n ,  e l u t io n  
r a t e : 250 m l /h ) .
Cascade MCC enables d e te c t in g  from 1 to  10 nanomol of 
p e p t id e s  a f t e r  th re e  or four s e p a ra t io n  cy c le s .
Fig. 6 shows the  e l u t io n  p r o f i l e  in  the  case of high 
overload  o f  MCC r e l a t i v e  to  the  above desc r ibed  ex p e r im en ts . The 
s e p a ra t io n  of 60 nanomol of cytochrom c fragments on a Sephadex 
G-50 ge l column i s  dem onstrated using  10 % aqueous formic ac id  
s o lu t io n  as e lu e n t .  The comparison o f  Figs 4 and 6 shows th a t  
the  s ix  fo ld  in c re a se  o f  the  amount of p ep t id e  does not lead  to 
any a p p re c ia b le  decrease  of the  s e p a ra t io n .
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SUMMARY
The method of exc lu s ion  micro column chromatography of 
la rg e  p ep t id e s  has been d esc r ib ed .  Po lyethy lene columns w ith  
in s id e  d iam eter o f  about 1 mm, d i r e c t l y  connected to  each o th e r  
were used, the  examples o f  s ep a ra t io n s  a re  the  r e a c t io n  mixture 
o f  denatured  reduced and carboxym ethylated in s u l i n  as w ell as 
the p roducts  of p a r t i a l  d ig e s t io n  of cytochrome c.
This procedure p reven ts  zone spread ing  in  consequence of 
the sample valwes when columns w ith  the same or d i f f e r e n t  pack­
ings a re  connected d i r e c t l y  in  s e r i e s  fo r  the  t r a n s f e r  of the 
t o t a l  sample or i t s  f r a c t io n s .
The method can be used fo r  both s e p a ra t io n  w ith  recycling 
and the  d e s a l t in g  of the  e lu a te s .
Sephadex G-50 and Spheron columns were used. The suggested 
type of ex c lu s io n  micro column chromatography can be ap p l ied  
fo r  the  s e p a ra t io n  o f  up to  60 nmol o f  la rg e  p e p t id e s .
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SUMMARY
The very strong or irreversible deprenyl binding of serun proteins was 
proved by gel chromatography. Separation of deprenyl containing protein 
fractions indicated that the largest amount of -deprenyl occurs in the 
macro-globulin fraction while the albumin kept the smallest portion of the 
compound. The binding remained unaltered during the several hours of gel 
chromatography and freeze drying. The serum albumin-deprenyl adduct was 
identified by immuno-electrophoresis while the characterization of the other 
binding proteins is  in progress.
INTRODUCTION
(-) Deprenyl, N-methyl-N-propargyl-(2-phenyl-1 -methyl)-ethyl-amoniun
D
HCl, JUMEX (Chinoin, Budapest, Hungary) is  a highly potent, selective in­
hibitor of the B-type monoamine oxidase (1,2). Deprenyl has been successive­
ly used in the therapy of Parkinson’s disease as i t  strongly reduces the 
dose of L-DOPA without the so called "cheese effect" which often occurs on 
administration of several monoamino oxidase inhibitors.
Deprenyl was -labelled a t position 2 of the ethyl-2-phenyl radical 
as shown in Fig. 1.
Figure 1 The structure of deprenyl.
The fate of deprenyl in the body, including the metabolism (3-5) and 
localisation (2) of the compounds as well as i t s  binding (6,7) were thor-
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oughly studied, hut l i t t l e  was known about the nature of the adduct.
Plessas (6) and Benakis (7) described the in v itro  and in vivo binding 
of deprenyl. According to their reports, the binding between ra t  serum and 
deprenyl was determined afte r incubation, centrifugation and u lt ra f il t ra tion .  
They found that 757, and 85% of deprenyl was bound to the plasma when the in­
cubated amount was 0.041 and 0.15 yg/ml, respectively.
RESULTS AND DISCUSSION
The aim of our investigation was to study the deprenyl binding capacity 
of the human serum and the nature of the adducts. At the beginning of our 
research, the existence of the binding was confirmed by the method of equi­
librium dialysis, the majority of the radioactivity moved through the semi- 
permeable membrane to the cell containing the serum (8). These results were 
found both with human and ra t  serum while the previous freeze drying destroy­
ed i t s  deprenyl binding capability.
To perform deprenyl-protein binding, serum v & s  incubated with radio- 
labelled deprenyl for 2 hours. The sample was then inmediately separated by 
gel ctiranatography using Sephadex G-15 column having 2. 5 cm in diameter and 
90 cm in length and eluting writh 0.05 M armonium acetate aqueous solution as 
mobile phase.
The deprenyl-serum samples were sometimes kept at -25°C for a few days 
tut thiis delay has never changed the ratio  of the bound and free deprenyl.
The deprenyl-protein adduct (s) eluted a t the void volume of the column 
as the molecular weight of any protein adduct highly exceeded the exclusion 
limit of the Sephadex G-15 which is specified as 1500 (9).
The gel chromatographic pattern of such an experiment is  given in 
Fig. 2.
The fractions eluted a t the void volume were collected together. The 
further separation was performed on Sephadex G-200 gel column (5 cm x 60 cm), 
the gel chromatogram (Fig. 3) indicated three peaks representing mainly 
macro-globulins, gamma globulins and albumin, tu t numerous other proteins 
can be also found there. The most striking characteristic of Fig. 3 is  that 
the large portion of radioactivity is showm by the f i r s t  eluting peak, to­
gether wri-th the slightest UV extinction. At the same time, the albumin peak 
(the third one) possesses the smallest amount of radioactivity but the high­
est UV extinction. The chromatogram did not indicate any amount of free 
deprenyl, that is the dislocation or dissociation of bound deprenyl (which
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Figure 2. Gel chromatography of free and bound deprenyl.
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Figure 3. Separation proteins containing deprenyl.
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may be eluted at the sa lt  fraction or even later) and th is  fact definitely 
supports the strong or irreversible binding of deprenyl to the serum pro­
teins .
Although the separation detailed above means only a partia l p u r if i­
cation of the deprenyl-protein adducts, that is several proteins were collect­
ed in the same fractions, we wished to characterize the deprenyl binding 
molecules. As the amount of the adducts was small, imnunoelectrophoresis 
became the method of choice. For the time being, we completed the iden tif i­
cation of the third eluting peak with the conclusion that albumin i t s e l f  is 
the protein which is  solely responsible for deprenyl binding in this group.
The identification of the protein part of the other adducts is in 
progress.
CONCLUSIONS
Gel chromatography of the in v itro  incubated deprenyl protein mixture 
showed well defined peaks which serve not only the determination of bound 
deprenyl but also supports i t s  strong binding character.
Further separation on Sephadex G-200 differentiated three well de­
fined peaks with various UV extinction - radioactivity ratios and rendered 
additional prove of the s tab ili ty  of the adducts.
REFERENCES
(1) KNOLL, J and MAGYAR,K. Adv. Biochem. Pharmacol. 5: 393 (1972)
(2) MAGYAROK., SKOLNIK.J and KNOLL,J. In: V. Conf. Hung, pro Therapia et
Investigatione in Pharmacologia. (Ed :Leszkovszky,G. ) p.. 103, Akad. 
Kiadó, Budapest, (1968)
(3) REYNOLDS,G.P. , ELSMDRTH,J. D., BLAU K. , SANDLER,M., LEES.J.A. and STERN,
G.M. Br.J .Cl.Pharmacol. 6, 542, (1975)
(4) KALÁSZ,H. Journal of High Resolution Chromatography & Chromatography
Communications, 6_, 49 (1983)
(5) KALÁSZ, H. , NAGY,J. and KNOLL,J. In: Chromatography and Mass Spectro­
metry in Biomedical Sciences 2(Ed: Frig er io, A.) p.203, Elsevier, 
Amsterdam, (1983)
(6) PLESSAS,Ch.: non published data
(7) BENAKIS.A. Abstr. of 12th CINP Congress. Stockholm, Sweden, (1980)
(8) SZKiO.E' , KALÁSZ,H. and MAGYAR,K. Abstr of Synp. Hung. Polish Pharm.
"Söc. Visegrad, Hungary, (1983)
(9) KALÁSZ,H. : Gel Chromatography In: Prc^tein Investigation Methods.
(Ed:Kerese,I.) E llis Harwood - Akadémiai Kiadó, Chichester - Buda­
pest, (1983)
244
Proa, of the Symp. on Advances in
Liquid Chromatogr., Szeged, Hungary, 1982
P U R I F I C A T I O N  OF S U P E R O X I D E  D I S M U T A S E S  
FROM D I F F E R E N T  S O U R C E S
B. MATKOVICS, L,  SZABÓ
Biological Isotope Laboratory, József Attila 
University, Szeged, Hungary
SUMMARY
Results indicate that polyacrylamide gel electrophoresis (PAGE) 
can be used for checking the purity of enzyme preparations as 
well as for the separation of superoxide dismutases from homo­
genates. PAGE is also the method of choice for detection of iso­
enzymes of superoxide dismutases. At the same time, the compara­
tive quantitative amino acid analysis can yield very important 
data on the integrity of enzyme protein if the hydrolysis and 
the whole procedure have taken place under identical conditions.
INTRODUCTION
Superoxide dism utases (SODs) a re  extrem ely unusual enzymes be­
cause t h e i r  substances  a re  f r e e  r a d ic a l s  (4, 5, 15), namely 
/O2 /  r a d i c a l s  (11, 15). These enzymes occur in  a l l  a e ro b ic  c e l l s  
and they  a re  g e n e ra l ly  thought to  be e s s e n t i a l  fo r  ae ro b ic  l i f e .  
Superoxide dismutase has found in c re a s in g  usage in  b iochem is try , 
r a d io b io lo g y  and m edicine. In most cases Cu,-Zn-SOD from bovine 
e ry th ro c y te s  was used. The s tandard  e x t r a c t io n  procedure u t i l i z e s  
a p r e c i p i t a t i o n  s tep  by the  m ixture  of chloroform and e thano l but 
i t  has s e v e ra l  d isadvan tages .  To e l im in a te  the  problems o f  the  
ch lo ro fo rm -e thano l p r e c i p i t a t i o n  we e la b o ra te d  a combination of 
s e v e ra l  p u r i f i c a t i o n  s tep s  (18).
The f i r s t  p ro te in  showing SOD a c t i v i t y  was e ry th ro c u p fe in  
(10, 14), a c o p p e r-z in c -c o n ta in in g  enzyme which has r e c e n t ly  
been i s o l a t e d  from c y to so ls  of a wide range o f  eu k ary o t ic  o r ­
ganisms. P rokaryo tes  have manganese- or i ro n -c o n ta in in g  SOD, 
th e se  enzymes can not be in h ib i t e d  by cyanide which means a sharp
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c o n t ra s t  to  the  Cu,-Zn-SOD.
Numerous papers have been pub lished  concerning the p u r i ­
f i c a t i o n  and amino ac id  a n a ly s i s  of SODs (2, 4, 19) but they 
mainly r e p o r t  the  p a r t i c u l a r  s teps  of the s e p a ra t io n s .  This pa­
per in tends  to g ive  a comprehensive e v a lu a t io n  of polyacrylam ide 
gel e l e c t ro p h o re s is  and amino acid  a n a ly s is  of SOD enzymes.
METHODS
The h y d ro ly s is  of enzyme p ro te in s  was c a r r i e d  out by 6 N hydro­
c h lo r i c  ac id  a t  105°C fo r  48 hours.
The amino a c id  a n a ly s i s  was performed by BioCal BC 200 
autom atic  amino ac id  an a ly se r  accord ing  to  the  method pub lished  
by MOORE e t  a l  (17), HANNIG (7 ) ,  HAMILTON (6) and m odified by 
KERESE e t  a l . (13).
The t o t a l  SOD a c t i v i t y  was determined by the method of 
MISRA e t  a l .  (16) which i s  based on the i n h i b i t i o n  of the 
epinephrine-adrenochrom e superoxide 1 0 ^ 1  dependent tra n s fo rm a ­
t io n .  Mn-SOD was determined by adding 2 mM KCN to  the  measuring 
s o lu t io n .  Then, the  m easurable SOD a c t i v i t y  was cons idered , in 
good agreement w ith  the  in v e n to rs  o f  the method, as the  q u a n t i ­
t a t i v e  va lue  of the  m itochondria l  Mn-SOD. The da ta  of these  
a c t i v i t i e s  a re  shown in  Fig. 11.
The PAGE s e p a ra t io n  and dem onstra tion  of the SODs were 
desc r ibed  by BEAUCHAMP e t  a l  (2 ) .  They used p -n i t r o b lu e  t e t r a -  
zolium c h lo r id e  (NBT) fo r  the dem onstration  o f  the  enzyme, as 
the  s i t e  of the  SOD appears as a c o lo u r le s s  s t r e a k  on the b lue -  
s ta in e d  ge l (HARRIS, 9). On the o th e r  hand, xan th ine  oxidase 
shows a p o s i t i v e  r e a c t io n  and appears as in te n s iv e  blue  bands 
'F ig .  10).
The p ro te in  s ta in in g  of the  ge l was performed by the  
use o f  Oomassie B r i l l i a n t  Blue R-250 or Amido Black applying 
t h e i r  s o lu t io n  in  2 70, th e  time per io d  of s ta in in g  was 20 mi­
nu tes  .
The appara tu s  used fo r  PAGE se p a ra t io n  was purchased 
from LKB Produkter (Bromma, Sweden), b u f fe r s  and c o n d it io n s  
were i d e n t i c a l  w ith  those  descr ibed  by DAVIS e t  a l . (3 ) .
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Producer o f  the  Cu,-Zn-SOD was ORGOTEIN (D iagnostic  Data 
Labor, I n c . ,  Palo A lto , USA) (12), bovine and canine red  blood 
c e l l  SODs were ob ta ined  from Sigma (S a in t  Louis, USA). Any o th e r  
SODs were p u r i f i e d  in  our L abora tory  w ith  the  use o f  Sephadex 
G-75 or Sephadex G-100 ge l columns, the  ty p ic a l  example o f  s e ­
p a ra t io n s  i s  dem onstrated in  Fig. 6.
RESULTS
Fig. 1 shows the  amino ac id  a n a ly s i s  o f  Cu,-Zn-SOD p u r i f i e d  
from human red  c e l l s  (RBC) when i s o l a t i o n  was der ived  from n o r ­
mal RBC (ob ta ined  from a blood t r a n s fu s io n  u n i t )  or from RBC 
of  d ia b e t ic  p a t i e n t s  (8 ) .  We suppose th a t  the  lower va lues  of 
the  His and Cys co n ten ts  a re  mainly in d i c a t iv e  reg a rd in g  the  
o x id a t iv e  damage o f  the  SOD molecules in  d ia b e t i c s .
F ig . 2 dem onstrates  the  da ta  o f  our own amino ac id  ana­
l y s i s  o f  SOD i s o l a t e d  from normal RBC, and compared w ith  the  
da ta  o f  HARTZ e t  a l .  (10) who p u r i f i e d  SOD from human sources 
u s ing  d i f f e r e n t  methods. There i s  a s i g n i f i c a n t  d i f f e re n c e  
between the  two s e t s  of da ta .
Column 3 o f  Fig. 3 shows the  amino ac id  a n a ly s i s  of 
SOD o r ig in a te d  from a s im i la r ly  normal.human RBC (14) and the  
c a lc u la te d  v a lu es ,  which make the  checking and comparison e a s ie r .
Fig. 4 shows the r e s u l t s  o f  the  amino ac id  a n a ly s i s  of 
v e g e ta b le ,  mainly leguminous, Cu,-Zn-S0D ( p a r t l y  our own da ta ,  
as HANUSZ (8 ) ,  p a r t l y  l i t e r a r y  da ta  as ASADA e t  a l . (1 ) ,  SA- 
wada e t  a l .  (19) .
The f i r s t  l i n e  of Fig. 5 shows a q u a n t i t a t iv e  comparison 
o f  human p la c e n ta  and RBC Cu-,Zn-S0D (e ry th ro c u p re in )  and 
ce reb ro cu p re in  (c a t  b ra in )  amino ac id s  accord ing  to  the  r e s u l t s  
o f  HANUSZ (8) and PHAM VAN HIEN e t  a l .  (18).
We conclude th a t  comparative q u a n t i t a t i v e  amino ac id  
a n a ly s i s  can y ie ld  very  im portant da ta  concerning the  s t a t e  
o f  the  enzyme p ro te in ,  and th a t  the  da ta  of h y d ro ly s is  and 
amino ac id  a n a ly s i s  c a r r i e d  out under i d e n t i c a l  c ircum stances  
a re  easy to  compare.
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A m i  n o  
a c i d
C a l c u l a t e d  ( a s s u m e d )  
n u m b e r  o f  a m i n o  
a c i d s  o f  n o r m a l  R B C  
C u - Z r r S O D  p e r  3 3 . 6 0 0 g  
o f  p r o t e i n
C a l c u l a t e d  n u m b e r  o f  
a m i n o  a c i d  r e s i d u e s
o f  d i a b e t i c s  R B C  
C u , - Z n - S 0 D  p e r  3 3 . £ 0 0 g
o f  p r o t e i n
L y s 1 $ 4 8
H i s 'ik 9
A r g 1 0 4 8
A s p 3 3 3 R
T h r 2 2 2 0
S e r 2 6 2 3
G l u 2 1 1 9
P r o 2 3 1 2
G ' y 5 0 R 6
A I q 2 0 4 9
V q I 2 2 2 2
M e t 2 1 0
l i e u 4 6 1 5
L e u m 4 9
T y r 1 0 2 0
P h e 4 1 1 2
T r p 5 5
C y s / h a l f 2 3
Figure 1 Comparison o f  amino ac id  composi­
t io n  o f  normal and d ia b e t ic  human 
red  blood c e l l  Cu,-Zn-SOD (Amino 
ac id  con ten t  mole/mole enzyme)
248
A m i n o
a c i d
A s s u m e d  n u m b e r  o f  
h u m a n  ( h . )  R B C  SOD 
a m i n o  a c i d  r e s i d u e s  
p e r  3 3 . 6 0 0  g  o f  p r o t e i n  
( H a n u s z , W lk )
A s s u m e d  n u m b e r  o f  K.
R B C  a m i n o  a c i d  r e s i d u e s /  
3 3 . G 0 0 g  o f  p r o t e i n  
( H a r t z :  e t  a | .  4 9 6 9 )
L c j S t3 22
His t 6
A r g t o 1
A s p 33 %
T H r 22 %
S e r Vo 10
G l u 2 t 26
F r o 23 to
G l y S O 5 0
A la 20 20
V d 22 u
M e t l 0
l i e u 16 . t6
L e u t i
T y r t o 0
Phe t t $
T r p 5 -
C y s / h o l - f 5
Figure  2 Comparison o f  assumed amino co n ten ts  
o f  normal human RBC Cu,-Zn-SOD 
/ l i t e r a r y  and our own d a ta /
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A m i  n o
a c i d
( s e e  P i g .  2 .  a  
a b o u t  f , V s t  
a n d  s e c o n d
I s o
c o l u m n s  )
A s s u m e d  n u m ­
b e r  o f  h .  R B C  
S O D  a m i n o  Q c f d  
r e s i d u  e s  
( M a r 4 o \ x / f b z  e t a l .
4 9 5 9 )
3 .
C a l c u l a t e d  n u n r  
b e r  o f  h .  S O D  
a m i n o  a c i d  
r e s i d u e s  m . w .  
o f  3 3 . 2 0 0
U.'I. 2 .
L y s 4 8 2 2 2 0 20
H i s 4 4 4 6 4 4 4 4
A r g -10 7 9 9
A s p 3 3 3 6 4 2 4 4
T h r 2 2 4 6 4 2 4 8
5 e r 2 6 2 0 2 0 2 0
G l u 2 4 2 6 2 8 2 8
P r o 2 2 4 0 4 4 4 4
Giy 5 0 5 0 4 6 4 6
A l a ' 2 0 2 0 2 4 2 4
V a l 2 2 2 8 2 3 2 3
Met 2 0 - -
lieu -16 4 6 4 4 4 4
L e u 1 4 4 7 1 8 4 8
T y r 1 0 0 2 2
Phe 1 4 8 4 0 4 0
T r p 5 - - 4
C y s / h a l f 8 7 4 4 4 4
Figure 3 Amino ac id  com position o f  human 
RBC Cu,-Zn-SOD /C a lc u la te d  and 
measured v a lu e s /
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A m i  n o  
a c i d
C u - Z n - S O D  f r o m  g r e e n  p e a ,  s p i n a c h  a n d  
d i f f e r e n t  b e a n s
1 . 2 .  ( l i t . ) 2 .  ( l i t . ) 5 . 5 .
L y s 20 1 0 1 2 2 1 11
H i s 1 5 1 8 1 9 1 2 1 0
A r g 2 1 6 7 1 6 1 6
A s p Z 5 5 5 3 5 3 8 3 3
T h r 1 6 3 0 2 8 1 5 1 5
S e r 1 6 1 5 1 0 11 3 0
G l u 1 « 1 9 2 0 2 7 2 2
P r o 2 6 m 1 ? 1 3 1 2
G l y 2 8 5 6 5 2 5 5 5 8
A l a 2 6 2 1 2 3 1 3 1 5
V a l 2 2 2 1 2 8 1 6 2 0
M e t 7 0 2 2 8 1 6
l i e u 1 9 2 0 6 8 9
L e u 2 0 2 1 2 2 1 9 1 8
V 15 0 0 1 3 6
P h e 8 9 6 1 0 8
T r p 5 0 0 5 5
C y s / h a l f 8 6 5 5 5
Figure 4 The amino ac id  co n ten ts  of the  pu­
r i f i e d  Cu,-Zn-SOD from spinach  and 
Leguminosae / l i t e r a r y  and our own 
exam inations/
/SAWADA e t  a l .  1972; ASADA e t  a l . 
1973; HANUSZ 1974/
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A m i n o  
qc id
1 . 2 . 3.
L y s 21 12 25
H i s ? 14 16
A r g 8 10 16
A s p 31 33 26
--1 rr 1 19 22 11
S e r 21 26 14
G l u S O 21 25
P r o 20 23 22
G l y 23 50 25
A l a 29 20 25
V a l 26 22 24
M e t 3 l 16
l i e u 2 16 30
L e u 25 14 11
V S 10 1
P h e 12 11 10
T r p 0 5 5
O j s / h a l - f 2 % 8
Figure 5. Comparison o f  the  amino acid  con ten t of
human p la c e n ta  SOD ( f i r s t  l i n e ) ,  RBC Cu-, 
Zn-SOD (second l in e )  and ce reb rocupre in  
( th i r d  l i n e ) .
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SOD U/ml° k S Z80rvr1
Figure  6 E lu t io n  p a t t e r n  of 
Cu,-Zn-SOD from 
Sephadex G 75 column
In the  fo llow ing  we g ive  a p ic tu r e  o f  the  p u r i f i c a t i o n  
of SOD and the  PAGE com parative a n a ly s i s  of SODs o f  d i f f e r e n t  
o r i g i n s .
Here, too , we c a l l  s p e c ia l  a t t e n t i o n  to  the  methods we 
used. Fig. 6 shows the  p u r i f i c a t i o n  o f  e ry th ro c u p re in  on a 
Sephadex G-75 column when e l u t io n  was made a t  0 .1  M KC1 a t  a 
flow r a t e  o f  about 35 m l/h r .
In Fig. 7 we show the  e lec tropho re tog ram  o f  beef  l i v e r  
e ry th ro c u p re in  (O rgote in  ) a p p l ied  in  th re e  c o n c e n tra t io n s .
I t  can be w ell seen th a t  in  h ighe r  c o n c e n tra t io n s  the  more slow­
ly  craw ling  s t re a k s  o f  Mn-SOD a lso  appear bes ide  the  s t r e a k s  
o f  the  middle e ry th ro c u p re in .
F igure  8 shows the  s te p s  o f  e ry th ro c u p re in  and Mn-SOD 
enrichment us ing  r a t  l i v e r .  The columns re p re s e n t  the  s p e c i ­
mens ap p l ied  fo r  s te p s  o f  p u r i f i c a t i o n  d e t a i l e d  in  the  p u b l i c a ­
t io n  o f  PHAN VAN HIEN e t  a l .  (18).
F igure  9 dem onstrates  the  com parit ive  e lec trophore togram  
of th r e e  commercial p roducts  (e ry th ro c u p re in s )  mentioned in  the  
legend and measured in  d i f f e r e n t  c o n c e n tra t io n s .  I t  can be seen 
th a t  only  Cu-,Zn-S0D can be found in  the  c o n c e n tra t io n s  measured.
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Figure  7 Polyacrylam ide ge l  e l e c t r o p h o r e s i s .
Gels 1 . -3 .  were s ta in e d  fo r  p ro te in  
and from 4 . -6 .  fo r  SOD a c t i v i t y  
(OrgoteinR 20, 14 and 8 ^ug)
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E lectrophoretogram  of d i f f e r e n t  c o n c e n tra t io n  o f  "commercial" SOD p re p a ra te s  
from d i f f e r e n t  sou rces .  Gels 1 . -3 .  O rgotein  R 1, 5 and 10 ^ug, Sigma bovine 
RBC SOD (ge ls  4 . - 6 . )  and Sigma SOD from dog RBC (g e ls  7 . - 9 . )  s ta in e d  fo r  
p ro te in  ( the  same amount as  the  O rgotein) and th e  fo llow ing  s ta in e d  fo r  en­
zyme a c t i v i t y  w ith  NBT
+Figure 10 A ty p ic a l  e lec trophore togram
of Rhizobium m e l i l o t i ,  1 column 
s ta in e d  fo r  p ro te in  w ith  Coomassie 
B r i l l i a n t  Blue and the 2nd fo r  a c ­
t i v i t y  by MBT and PMS
In Fig. 10 Rhizobium m e l i l o t i  xan th ine  oxidase  (b lack  
s t re a k )  and i t s  SODs can be seen. (In  th i s  case Fe-SOD, or rather 
SODs can be dem onstrated bes ide  Cu-, Zn-SOD. ) .
Figure 11 shows the r a t i o  o f  Cu-.Zn-SOD and Mn-SOD in  the 
organs of f i s h .
Our r e s u l t s  prove th a t  PAGE can be used w ell fo r  checking 
the  p u r i t y  of the  enzymes. PAGE i s  a l so  s u i t a b le  fo r  s e p a ra t io n  
o f  isoenzymes of SOD (9).
DISCUSSION
In our experim ents, the  Cu-,Zn-SOD o r ig in a te d  from the human 
p la c e n ts  was p u r i f i e d  u n t i l  i t s  a c t i v i t y  was 550 times h igher 
than th a t  o f  the  o r ig i n a l  crude p re p a ra t io n  but us ing  the 
Sephadex G-75 column, the  r e s u l t i n g  a c t i v i t y  was in c re a sed  to  
2.136 h ighe r  r e l a t i v e  than measured in  the o r ig i n a l  homogenate.
In g en era l ,  the  a c t i v i t y  of Cu-,Zn-SODs p re p a ra t io n s  
o r ig in a t in g  from red  blood c e l l s ,  v eg e tab le  seeds , e tc .  was
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SOD U/g w 0 .w.
S O D
Figure  11 T o ta l and CN in s e n s i t i v e  
SOD in  f i s h  organs
100-200 times h ig h e r .  The Mn-SOD p re p a ra t io n s  showed about 250 
times in c re a s e  in  p u r i t y .
The superoxide d ism utases o r ig in a t in g  from Rhizobium have 
no t been p u r i f i e d ,  they  were ob ta ined  a f t e r  u l t r a s o n ic  d ig e s ­
t io n  follow ed by PAGE. Our PAGE a n a ly s i s  r e s u l t e d  in  two c lo se  
bands and was d e te c te d  by NBT whose c h a r a c t e r i s t i c s  a re  v a l id  
fo r  the  p re p a ra t io n s  ob ta ined  commercially, too .
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The s p e c t r a l  c h a r a c t e r i s t i c s  and m olecular s iz e  o f  pu­
r i f i e d  SODs have a lso  been determ ined. The m olecu la r  s iz e  was 
measured by ge l  f i l t r a t i o n ,  s tandards  as bovine albumin, ov­
albumin, chymotrypsin and human haemoglobin were used . The mo­
le c u la r  weight o f  the  enzyme was f i n a l l y  determined by p l o t t i n g  
th e  d i f f e r e n t  s lopes  ob ta ined  a g a in s t  the  m olecu la r  weight of 
s ta n d a r d s .
SODs o r ig in a t in g  from d i f f e r e n t  sources (human, animal 
and v eg e tab le )  were su b jec ted  to  h y d ro ly s is .  The h y d ro ly sa te s  
o f  the  SOD p re p a ra t io n s  were determined by autom atic  amino acid 
a n a ly s i s .  The r e s u l t s  ob ta ined  by the  d e te rm in a tio n s  o f  amino 
ac id s  were compared w ith  each o th e r  and w ith  the r e s u l t s  o f  the  
l i t e r a t u r e  showing good c o r r e l a t i o n .
The s t r i k i n g  o b se rv a t io n  i s  th a t  the  amino ac id  con ten t 
o f  the p re p a ra t io n s  o r ig in a t in g  from s u b je c t s  w ith  d ia b e t ic  
d i s e a s e  showed o x id a t iv e  demage. S im ila r  changes o f  amino acids 
can be reached i f  SODs were t r e a te d  w ith  H2 O2  s o lu t io n s  in  v i t ­
ro  .
CONCLUSIONS
We have been long d ea l in g  w ith  ge l chromatographic p u r i f i c a t i o n ,  
q u a n t i t a t i v e  amino ac id  a n a ly s i s  and PAGE of superoxide d i s -  
mutase. The in v e s t ig a t io n s  have p r a c t i c a l  and t h e o r e t i c a l  reasons 
because the  p u r i t y  o f  enzyme p re p a ra t io n s  i s  im portan t from the 
p o in t  o f  the  r e s e a r c h e r s .  The dem onstrated methods a re  simple, 
adequate enough and can be ap p l ied  w ith  good r e s u l t s  fo r  the 
purposes and aims d e t a i l e d  above.
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A wide v a r i e ty  o f  chromatographic methods a re  in  use now 
c o n t r ib u t in g  e f f e c t i v e l y  to  the  p re p a ra t io n  and a n a ly s i s  of 
complex b io lo g ic a l  m a te r ia l s .  C ell membranes o r ig in a t in g  from 
normal or p a th o lo g ic  t i s s u e s  in c lu d in g  m alignant c e l l s  r e ­
p re s e n t  a ty p i c a l  t a r g e t  in  biom edical a p p l ic a t io n s  of ch ro ­
matography. The c h a r a c t e r i s t i c  f e a tu re s  of c l a s s i c  and re c e n t  
models o f  biomembranes a re  based on the  l a m e l l a r - b i l a y e r ,  f l u i d  
mosaic c r y s t a l l i n e  s t r u c tu r e  o f  membrane l i p i d s  in  which ( glyco)- 
p ro te in  subun its  a re  f u l l y  or p a r t l y  embedded (LENAZ, 1979). I t  
i s  cons idered  now th a t  a l l  th e se  c o n s t i tu e n t s  determ ine the  
physico-chem ical s t a t e  and r e g u la te  the v a r ia b le  b io lo g ic a l  
fu n c t io n s  o f  c e l l  membranes (BOREK e t  a l . 1980).
R esu lts  p resen ted  here  a re  to  dem onstrate  the  a p p l i c a b i ­
l i t y  o f  l i q u id  chromatographic methods in  the a n a ly s i s  o f  l i p i d  
and p ro te in  c o n s t i tu e n t s  o f  E h r l ic h  a s c i t e s  tumor (EAT) c e l l  
membranes in  the two d i f f e r e n t  phases o f  tumor growth.
A b b re v ia t io n s ( EAT E h r l ic h  a s c i t e s  tumor, TLC Thin la y e r  
GLC Gas l i q u id  - ,  HPLC High performance l i q u id  chromatography, 
SPH Sphingomyelin, PC, PE, PS, PI P h o sp h a t id y l-ch o l in e ,  - e th a -  
nolamine, - s e r in e ,  - i n o s i t o l ,  Gly G ly co l ip id s ,  MDG Mono-di­
g ly c e r id e s ,  CHOL C h o le s te ro l ,  FFA Free f a t t y  a c id s ,  TG T r i ­
g ly c e r id e s ,  CE C h o le s te ro l  e s t e r s ,  SDS Na-dodecyl s u l f a t e .
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MATERIALS AND METHODS
EAT c e l l s  were t r a n s p la n te d  i n t r a p e r i t o n e a l l y  in to  Swiss o u t-  
bred H/Riop male mice and h a rv es te d  on the 7th and 14th days 
o f  tumor growth. Tumor c e l l  cy toplasm ic  membranes were prepared  
by the method of FORTE e t  a l .  (1973). Membrane t o t a l  l i p i d s  were 
e x t ra c te d  and weighed accord ing  to  FOLCH e t  a l .  (1957). P ro te in s  
were determined by the HARTREE’s method (1972). Phospholip ids  
sep a ra ted  by TLC were measured accord ing  to  ROUSER e t  a l .  (1970). 
N eu tra l  l i p i d s  were f r a c t io n a t e d  and q u a n t i f ie d  by bichrom ate 
o x id a t io n  modified  by us (KREMMER e t  a l .  1969). TLC se p a ra t io n  
of l i p i d s  was c a r r i e d  out on home-made and p re -c o a te d  S i l i c a  
ge l 60 (Merck) p l a t e s .  GLC of  f a t t y  a c id  methyl e s t e r s  was p e r ­
formed by c a p i l l a r y  column techn ique (SP-1000, 30 m x 0.25 mm,
co l .  oven 150 - 220°C, 3°C/min, c a r r i e r  N~ 100 kPa, FID 
-12 Z32 x 2 . 10 AFS) on Packard 427 gas chromatograph coupled to 
a m in ig ra to r  M-2 and l i n e a r  re c o rd e r .  For peak i d e n t i f i c a t i o n  
a u th e n t ic  r e fe re n c e s  and in  some cases s e l e c t iv e  p r e in j e c t io n  
r e a c t io n s  ( ^ - s a t )  were used. Q u a n t i ta t iv e  e v a lu a t io n  was p e r ­
formed by norm aliz ing  a l l  peak a rea s  fo r  100 per cent between 
12:0 - 24:0. Reversed phase HPLC was c a r r i e d  out w ith  Micro- 
m e r i t i c s  Instrum ent Corp. (SY-LAB, Wien) Model 731 Column Com­
partm ent, 740 Control Module, 750 Solvent D elivery  System, 752 
G radient Programmer and 786 V ariab le  Wavelength D etec to r .  Re- 
d e s t i l l e d  so lv en ts  were degassed by He. Gel chromatography was 
performed as descr ibed  p re v io u s ly  us ing  an LKB Complete Column 
Chromatography System /KREMMER and H0LCZINGER, 1980). Membrane 
p ro te in s  were f r a c t io n a t e d  by polyacrylam ide ge l  e le c t ro p h o re s is  
accord ing  to  WISHER and EVANS (1975) and s ta in e d  fo r  p ro te in s  
w ith  Coomassie B r i l l i a n t  Blue G-250 and fo r  g ly c o p ro te in s  w ith  
p e r io d a te - S c h i f f  reag e n t.
RESULTS AND DISCUSSION 
TLC of membrane l i p id s
Membrane l i p i d s  re p re s e n t  a very  heterogenous group o f  compounds 
co n ta in in g  a l i p h a t i c  a lc o h o ls ,  amines, f a t t y  a c id s ,  phosphate
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e s t e r s ,  ca rb o h y d ra tes ,  s t e r o l s ,  e t c .  The l i p i d  com position of 
biomembranes i s  r a th e r  c h a r a c t e r i s t i c  bu t i t  may d i f f e r  from 
membrane to  membrane depending on t h e i r  o r ig in  (BOGGS, 1980).
In g e n e ra l ,  membrane l i p i d s  a re  composed f i r s t  o f  a l l  of p o la r ,  
m ainly phospho- and g ly c o l ip id s  and c h o l e s t e r o l ,  r e s p e c t iv e ly .
A r a th e r  e x ten s iv e  f r a c t io n a t io n  o f  membrane p o la r  l i p i d s  can 
be ob ta ined  by one-dimmensional TLC on s i l i c a  ge l  in  a so lv en t  
system o f  c h lo ro fo rm -e th y la c e ta te -n -p ro p a n o l -m e th a n o l-0 .25%
KC1 (1 0 :1 0 :1 0 :1 2 :5 ) .  T o ta l  and f r a c t io n a t e d  phospho lip id s  a re  
u s u a l ly  measured as in o rg an ic  phosphate  a f t e r  o x id a t iv e  d i ­
g e s t io n .  S ta in in g  w ith  phosphomolibdenic ac id  fo llow ed by den­
s i to m e try  can a l s o  be used fo r  the  in  s i t u  q u a n t i t a t io n  o f  po­
l a r  l i p i d s  s ep a ra ted  (F ig . 1, PETER and REYNOLDS, 1974, VAS- 
KOVSKY e t  a l .  1975).
Membrane n e u t r a l  l i p i d s  (CHOL, CE, TG, FFA, MDG) can 
e a s i l y  be sep a ra ted  on s i l i c a  ge l in  a so lv en t  system of  pe- 
r o l e t h e r - d i e t h y l  e t h e r - a c e t i c  ac id  (85 :15:2) and q u a n t i f ie d  
w ith  s p e c i f i c  m icrochem ical methods or by bichrom ate o x id a t io n  
and photometry (KREMMER e t  a l .  1969). In  the l a s t  years  we 
have used the  l a t t e r  technique w ith  success  in  the  ro u t in e  ana­
ly s i s  o f  membrane l i p i d s .
Table 1 summarizes the  r e s u l t s  o b ta in ed  fo r  the  l i p i d  
com position o f  EAT c e l l  membranes in  the  two c h a r a c t e r i s t i c  
phases o f  tumor growth. I t  can be s t a t e d  th a t  th e re  was s i g n i ­
f i c a n t  f a l l  in  the  membrane SPH and CHOL a t  the  s t a t io n a r y  
phase (14 days) o f  tumor c e l l  p r o l i f e r a t i o n ,  w hile  the  TG con­
te n t  has doubled.
GLC of  membrane f a t t y  ac id s
I t  has been suggested th a t  com positiona l changes observed in  
the  l i p i d s  o f  EAT c e l l s  were in  c lo se  c o r r e l a t i o n  w ith  the  
tum or-induced endogen m o b i l iz a t io n  o f  ho s t  l i p i d s  (HOLCZINGER 
and KREMMER, 1975, KREMMER and HOLCZINGER, 1976). In  a d d i t io n ,  
c h a r a c t e r i s t i c  d i f f e r e n c e s  were found between the  two phases 
o f  tumor growth in  the  f a t t y  ac id  com position o f  membrane l i ­
p ids  sep a ra ted  by p r e p a ra t iv e  TLC. Fig 2 shows a marked i n ­
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Fig . 1. TLC (see  in  th e  te x t)  and p h o to d e n sito m e tric  
scanning  o f EAT membrane p o la r  l i p id s  in  the  
7th ( I )  and 14th ( I I )  days o f tumor growth. 
Development: sp ray  w ith  5% phosphom olibdenic 
a c id , 10% p e rc h lo r ic  ac id  in  50% e th an o l and 
h e a tin g  fo r  10 min a t  100°C. D ensitom etry: 
V arico rd  Model 42B (P ho tovo lt Corp.) a t  610 nm
L ip id  com position o f  EAT c e l l  membranes
TABLE 1
L ip ids '1” E h r l ic h  a s c i t e s  tumor c e l l  membranes
re l .%  7 days 14 days
P o la r  l i p id s 67,. 7 + 5 .4 67 . 1 + 5 .2
PC 28,.0 + 0,. 7 28 .7 + 1 .3
PE 20.,6 + 0,, 9 22,. 9 + 2 . 1
SPH 7 ,4 + 0,, 7 3 .8 + 0 .7
PS 4,.5 + 0,.5 5 .1 + 0 .7
PI 4,,5 + 0.,5 4,, 2 + 0,.2
LysoPC 0. 4 + 0.,1 1,, 1 + 0.. 7
Gly 1. 8 + 0. 4 1., 2 + 0,.5
N eu tra l  l i p id s 32. 3 32. 9
CH0L 11. 8 + 0. 9 7. 7 4- 2. 6
CE 4. 4 + 1. 8 6. 8 + 3. 0
TG 3. 2 + 1. 8 7. 8 + 3. 2
FFA 9. 9 + 4. 3 9. 1 + 2. 4
MDG 2. 9 + 1. 9 1. 6 + 1. 0
crea se  in  the  s a tu r a t io n  o f  TG o r ig in a te d  from the  14 day-o ld  
c e l l  membrane (TG-II, 16:0, 17:0, 22:0) in d ic a t in g  an ex ten s iv e  
in c o rp o ra t io n  o f  depot f a t t y  ac id s  in to  the  tumor c e l l s .  In 
the  main p o la r  l i p i d s  (see Table 2) a chain  e lo n g a tio n  o f  PC 
f a t t y  ac id s  (16:0 to  18:0) was shown s im i la r  to  th a t  of n e u t r a l  
l i p i d s  but w ith  a tendency o f  u n s a tu r a t io n  (18:1 , 18:2, 20 :1 ) .  
F a t ty  ac id  com position o f  PE re p re s e n te d  a more pronounced t e n ­
dency fo r  u n s a tu r a t io n  (18:2, 18:1, 20:4) w ith  a p a r a l l e l  de­
c rea se  o f  p a lm it ic  and s t e a r i c  a c id s .  In SPH a c l e a r - c u t  change 
of 16:0 to 18:0 was d e tec te d  both by GLC and HPLC. I t  has to  
be noted th a t  such changes in  the  f a t t y  ac id  com position o f  b io ­
membranes involve b a s ic  a l t e r a t i o n s  in  t h e i r  s t r u c t u r e  and 
f l u i d i t y .
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Figure 2 GLC p a t te r n s  of f a t t y  ac id s  (methyl e s t e r s )  
o r ig in a te d  from t r i g l y c e r i d e s  o f  7 (TG-1) 
and 14 (TG-II) day-o ld  EAT c e l l  membranes
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TABLE 2
F a tty  ac id  composition of the  main p o la r  l i p i d  
f r a c t io n s  o r ig in a te d  from EAT c e l l  membranes
F a tty
acids"1" 7+
PC
14++ 7
PE
14 7
SPH
14
14:: 0 1.0 1.0 0.5 0.5 2.2 2.2
16:: 1 0.8 0.9 0.6 0.8 1.0 1..8
16:: 0 28.2 28.3 13.6 9.8 47.0 31.2
18:: 2 1.6 3.4 9.5 21.7 1.0 5.0
18:: 1 3.2 5.8 11.0 17.7 5.0 7.2
18 : 0 25.9 35.7 56.4 36.9 27.1 49.1
20:: 4 - - 1.3 6.2 - -
20:: 3 - - 0.3 2.0 - -
20 : 2 - - '4 .0 2.1 - -
20 : 1 9.7 11.8 0 .6 1.0 - -
20 : 0 1.1 1.5 0.9 0.6 1.0 0.5
22 : 1 0.9 0.8 - - 1.6 0.5
22 : 0 0.4 0.3 0.4 0.3 4.3 1.5
24 : 1 - - - - 1.7 0.5
24 : 0 0.7 0.6 0 .4 0 .4 8.1 1.5
+
++
Minor f a t t y  
7 - Seven,
ac id s  a re  not in d ic a te d  
and 14 - fo u r tee n  day-old
here
tumor c e l l  membrane
HPLC o f  membrane sphingomyelins
HPLC of  tumor c e l l  SPH prepared  from membrane p o la r  l i p id s  by 
TLC was performed accord ing  to JUNGALWALA e t  a l . (1980) using  
bovine b ra in  SPH (Calbiochem, Lot 400894, IR -sp ec tra  c o n t ro l le d )  
as a re fe re n c e  m ix tu re .  F ra c t io n a t io n  was c a r r i e d  out i s o c r a -  
t i c a l l y  on RP-18 column (HP 25x0.46 cm, 5u) w ith  methanol-5 mM 
phosphate b u f fe r ,  pH 7.4 (95:5 v /v )  so lv en t  system, flow r a t e :  
1.5 ml/mn ( l’max:^50 kPsi) a t  ambient tem pera tu re .  D etec tion
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Iwas a t  205 nm, SPH samples (300-500 yig) were in j e c te d  in  20-40 
y»jl volumes. In d iv id u a l  SPH peaks were c o l le c te d  and analysed  
fo r  f a t t y  ac id s  by GLC,
In our work the  HPLC p a t t e r n  o f  bovine b ra in  SPH was 
id e n t i c a l  to  th a t  r e p o r te d  by JUNGALWALA e t  a l .  (1980). In 
comparison, SPH p r o f i l e s  ob ta ined  fo r  tumor c e l l  membranes 
showed two d i f f e r e n c e s :1) they  had a p a t t e r n  c h a r a c t e r i s t i c  
o f  EAT, 2) a r e l a t i v e  in c re a s e  in  the  s t e a r i c  a c i d - r i c h  mole­
c u la r  sp ec ie s  o f  membrane SPH was dem onstrated  a t  the  s t a t i o n ­
ary  phase (14 days) o f  tumor c e l l  p r o l i f e r a t i o n  (F ig . 3). This 
co inc ided  w ith  the  GLC da ta  taken  fo r  the  whole membrane SPH 
(Table 2) as w ell as fo r  the  in d iv id u a l  HPLC peaks c o l le c te d .
C onsidering the  s ig n i f i c a n c e  o f  SPH in  b io lo g ic a l  membranes 
and t h e i r  fu n c t io n a l  s i m i l a r i t y  to  th a t  of c h o le s t e r o l  (BAREN- 
HOLZ and THOMPSON, 1980) i t  i s  suggested th a t  the  f a l l  o f  SPH 
and CHOL in  EAT c e l l  membranes during  the  tumor growth (Table 1)
F i g . 3 HPLC f r a c t io n a t io n  of SPH o r ig in a te d  
from th e  7 and 14 days o ld  EAT c e l l  
membranes
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Fig. 4 D etergent ge l  chromatography o f  EAT
c e l l  membranes on Sepharose 4B column 
(90x2.54 cm, V.:450 ml) e lu te d  w ith  
2 mM HaHCOg (pH 7.5) co n ta in in g  1%
T ri to n  X-100
has a s p e c ia l  importance in  r e l a t i o n  to  the membrane s t r u c t u r e  
and fu n c t io n .
Gel chromatography of membrane p ro te in s
Membrane p ro te in s  r i c h  in  ca rbohydra tes  and r e l a t e d  compounds 
r e p re s e n t  the  h ig h t ly  in s o lu b le  s t r u c t u r a l  and fu n c t io n a l  e l e ­
ments o f  biomembranes. For t h e i r  p re p a ra t io n  and c h a r a c t e r i z a ­
t io n  i t  i s  n ecessa ry  to  s o lu b i l i z e  them by d e te rg e n ts  to  ge t 
w ell  p rese rved  and en zym atica lly  a c t iv e  (g ly c o )p ro te in  subun its  
and s o lu b i l i z e d  l i p i d  m ic e l le s .  A gen era l  method s e p a ra t in g
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Fig. 5 Gel electropherogram s and p h o to d e n s i to -
m e tr ic  scans o f  EAR c e l l  membrane p ro te in s  
in  the  7th and 14th days o f  tumor growth. 
Labor MIM 0E-503 D ensitom eter (590 nm) 
coupled to  MTA Kutesz Typ. 185 Recorder
membrane p ro te in  subun its  accord ing  to  t h e i r  v i r t u a l  m olecular 
weight i s  column chromatography us ing  ge l  p a r t i c l e s  o f  appro ­
p r i a t e  pore s iz e .  This p r in c i p l e  proved to  be u s e fu l  fo r  the 
s tudy  o f  d ru g -c e l l  membrane in t e r a c t io n s  too (KREMMER and 
HOLCZINGER, 1980) . D etergent ge l chromatography of ^ C -V in -  
c r i s t i n e - p r e t r e a t e d  EAT c e l l  membrane s o lu b i l i z e d  w ith  T r i to n  
X-100 (F ig . 4) in d ic a te d  th a t  the major p a r t  o f  membrane-bound 
drug was a s s o c ia te d  w ith  the  l i p i d  m ic e l le s  and a small p ro p o r­
t io n  only  was bound to  the  p ro te in  su b u n its .
Electrochromatography of membrane p ro te in s
E lec trochrom atograph ic  ( e l e c t r o p h o r e t i c )  procedures perm it de­
t a i l e d  f r a c t io n a t io n  of s o lu b i l i z e d  membrane p ro te in s  accord ing  
to  t h e i r  charge and s iz e .  High r e s o lu t io n  can be ob ta ined  using
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Fig. 6 Photodensi to m e t r ic  p r o f i l e s  o f  the  7 and 14 
day-o ld  EAT c e l l  membrane g ly c o p ro te in s .  
Electropherogram s of F ig . 5 were s ta in e d  fo r  
carbohydra tes  and scanned a t  560 nm
polyacrylam ide g e ls  where ge l f i l t r a t i o n  i s  combined w ith  the 
charge e f f e c t  in  the  p rocess  of s e p a ra t io n .  In p r a c t i c e ,  h o r i ­
zo n ta l  and v e r t i c a l ,  d isc  or s lab  techn iques  a re  used. Fig. 5 
shows the  r e s u l t s  o f  the v e r t i c a l - d i s c  e l e c t r o p h o r e t ic  f r a c ­
t i o n a t io n  o f  SD S-so lub ilized  EAT c e l l  membrane p ro te in s  in  the 
7 th  and 14th days o f  tumor growth. Marked d i f f e re n c e s  in  the 
(g ly c o )p ro te in  subunit p a t te r n s  between the two phases o f  tumor
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growth can be q u a n t i f ie d  by ph o to d en si to m e tr ic  scanning o f  e le c -  
tropherograms s ta in e d  e i t h e r  fo r  p ro te in s  (F ig . 5) or fo r  c a r ­
bohydrates  (F ig . 6).
Summarizing our r e s u l t s  i t  can be s t a t e d  th a t  a p p l i c a ­
t io n  of combined chromatographic methods in  the  a n a ly s i s  o f  t u ­
mor c e l l  membrane c o n s t i tu e n t s  g ives  new p o s s i b i l i t i e s  to  d e te c t  
s u b t le  m olecular a l t e r a t i o n s  o ccu rr in g  during the  tumor growth 
c o n t r ib u t in g  to  the  b e t t e r  unders tand ing  of s t r u c tu r e  and func­
t io n  of b io lo g ic a l  membranes.
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SUMMARY
Human a lp h a - f e to p r o te in  has been i s o l a t e d  from f e tu s  by a fo u r-  
s tep  procedure sequence us ing  s a l t i n g - o u t  w ith  ammonium s u l f a t e ,  
B lue-Sepharose a f f i n i t y  chromatography, concanavalin  A - a f f in i t y  
chromatography and chrom atofocusing . P u r i f ie d  a lp h a - f e to p ro te in  
was used fo r  immunisation in  o rder  to  y ie ld  a n t i s e r a  a g a in s t  
human a l p h a - f e to p r o te in .  Antibody produced by immunisation was 
a p p l ie d  to  p repare  an a p p ro p r ia te  immunoadsorbent fo r  immuno- 
a f f i n i t y  chromatography.
INTRODUCTION
A lp h a - fe to p ro te in  i s  a f e t a l  serum g ly c o p ro te in  p re se n t  in 
v e r t e b r a t e s .  U sually  i t  i s  found only  in  very  small amounts in  
human a d u l t  serum, but i t  i s  w ell e s ta b l i s h e d  th a t  the  occurrence 
o f  a lp h a - f e to p r o te in  in  blood serum i s  a s s o c ia te d  both  w ith  
on togenesis  and w ith  prim ary l i v e r  cancer in  s e v e ra l  sp ec ie s  
in c lu d in g  man (1 ) .  A s i g n i f i c a n t  in c re a sed  c o n c e n tra t io n  o f  
a lp h a - f e to p r o te in  in  am nio tic  f l u i d  i s  a s s o c ia te d  w ith  open 
n e u ra l  tube le s io n s  in  the  developing f e tu s  (2 ) .  The c l i n i c a l  
s ig n i f i c a n c e  of a lp h a - f e to p ro te in  as a marker in  the  d iag n o sis  
and m onitoring  o f  c e r t a in  types o f  cancer and noncancerous 
h e p a t i t i c  d ise a se s  as w ell as sc reen ing  fo r  n e u ra l  tube d e fe c ts  
have been e x te n s iv e ly  pub lished  (3 -6 ) .
P u r i f i c a t io n  o f  a lp h a - f e to p ro te in  by s a l t i n g - o u t ,  ion- 
exchange chromatography, ge l f i l t r a t i o n ,  a f f i n i t y  chromatography 
and immunochemical methods have been reviewed by Twomey e t  a l .  
(7 ) ,  Wu e t  a l .  (8 ) ,  Pagé (9) ,  R uos lah ti  (10), Lai e t  a l . ( l l ) ,  
Young e t  a l .  (12,13) and Kapadia e t  a l . (14). A ccordingly , a 
f o u r - s te p  p u r i f i c a t i o n  procedure i s  p resen ted  here  employing
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a combination o f  physicochem ical and immunochemical approaches 
to  p repare  a lp h a - f e to p r o te in  th a t  was f r e e  of albumin and o th e r  
serum p ro te in s .
MATERIAL AND METHODS 
M a te r ia ls
Concanavalin A-Sepharose 4B, Blue-Sepharose CL-6B, 
Sepharose 4B were a l l  purchased from Pharmacia Fine Chemicals 
/U ppsala, Sweden/. Servace l DEAE 52, 1-O-methyl- a -D-gluco- 
py ranoside , phen y lm eth y lsu lp h o n y l- f lu o r id e  were purchased from 
Serva Fine Biochemicals /H e id e lb e rg , GFR/. Cyanogen bromide was 
from Fluka /B uchs, S w itze r lan d / and an tiserum  to human a lpha- 
f e to p r o t e in ,  albumin, t r a n s f e r r i n  and o th e r  a n t i s e r a s  were 
ob ta ined  from D akopatts.  C a r r ie r  ampholyte was home-made 
synthetised according to Righetti (15).
Purification procedure
For the preparation of alpha-fetoprotein a fetal material kept at 
- 20°C was used. 500 g of feta l material were defrozen at + 4 °C and then 
homogenized in 1250 ml of Tris/UCl buffer, 0.05 M, pH 7.4, containing 
0.01 M EDTA, 0.02 70 sodium azide and 0.0015 M phenylmethylsulphonyl- 
fluoride. The homogenized material was then put in a Becker and kept under 
agitation at + 4°C for 18 hours. I t  was subsequently centrifuged a t 3000 
r.p.m. for 30 minutes at + 4°C. The supernatant liquid was separated from 
the solid that was discarded and raised to pH 6.0 by means of HCL solution. 
After measuring the volume i t  was treated, under agitation, by means of 
solid ammonium sulfate at the rate of 286.7 g per l i t r e  of solution. When 
the s a l t  was passed in to  the  s o lu t io n  the  p r e c i p i t a t e  formed 
was sep a ra ted  by c e n t r i f u g a t io n  and d isca rd ed .  205 g of ammonium 
s u l f a t e  per  l i t r e  o f  s o lu t io n  were added to  the  su p e rn a ta n t .
Once the d i s s o lu t io n  o f  the  s a l t  was completed i t  was centrifuged 
a t  5500 cyc les  fo r  30 m inutes a t  + 4°C. The su p ern a ta n t  was then 
d isca rded  and the  r e s id u a l  m a te r ia l  was c o l le c te d  and vacuum 
d r ie d  m a te r ia l  served as s t a r t i n g  m a te r ia l  fo r  f u r th e r  purification.
B lue-Sepharose a f f i n i t i y  chromatography
The s t a r t i n g  m a te r ia l  was ap p l ied  to  a 1.6 x 14 cm column 
co n ta in in g  Blue-Sepharose CL-6B. The p a r t i a l l y  p u r i f i e d  material
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was d i s so lved  and d ia ly sed  a g a i n s t  50 mM Tris/HCl buf fer ,pH 7.5 
which contained  100 mM KOI. The e q u i l ib r ium  b u f f e r  was a l so  
used to  e l u t e  the  p r o t e i n s  by descending flow which did  not  
bind to Blue-Sepharose . The albumin bound to  the column was 
e lu te d  with  50 mil Tris/HCl b u f f e r ,  pH 7 .5 ,  c o n ta in ing  2 .0  M 
KC1. The e l u t i o n  p r o f i l e  was monitored by measuring the  a b s o r ­
bance a t  280 nm. The a l p h a - f e t o p r o t e i n  con ta in ing  f r a c t i o n s  
were pooled and d ia ly s ed  a g a i n s t  0.1 M a c e t a t e  b u f f e r ,  pH 6.0,  
con ta in ing  1.0 M MaCl, 1 mM C a C ^ , 1 mM MnC^, and 1 mM MgC^- 
'’’he s o lu t i o n  was concen t ra ted  to  a volume of 8 ml by means of  
a PM-lr' membrane.
Concanavalin A-Sepharose a f f i n i t y  chromatography
The co ncen t ra te  was app l ied  to  a 1.6 x 25 cm column fi l led  
with  concanaval in  A-Sepharose. P r io r  to use,  the column was 
e q u i l i b r a t e d  with  0.1 M a c e t a t e  b u f f e r ,  pH 6 .0 ,  con ta in ing  
1.0 M MaCl, 1 mM CaC^,  1 mM MnC^, and 1 mM MgC^. The sample 
was a pp l ied  a t  room tempera ture  and e lu te d  a t  a r a t e  of  20 ml 
per hour. The e l u t i o n  was recorded  by monitor ing absorbance 
a t  280 nm with  an Isco UA-5 absorbance monitor .  F rac t ions  of  
2 ml were c o l l e c t e d .  P ro te in  t h a t  did not  bind to concanavalin 
A was e lu te d  with  the equ i l ib r ium  b u f f e r .  A f te r  the f i r s t  peak 
of  p r o t e i n  was recorded ,  the  e l u t i n g  medium was changed to  an 
equ i l ib r ium  b u f f e r  con ta in ing  2 °L 1-0-methyl- a-D-glucopyranoside.
Chromatofocusing
The pooled f r a c t i o n s  e lu te d  from concanaval in  A were 
concen t ra ted  by u l t r a f i l t r a t i o n  with  PM-10 membrane and the 
p r o t e i n  samples were app l ied  to chromatofocusing a f t e r  extensive 
d i a l y s i s  a g a i n s t  the s t a r t  b u f f e r .  For the experiments a column 
of  1 x 10 cm of DEAE c e l l u l o s e  was i n i t i a l l y  e q u i l i b r a t e d  in 
10 mM phosphate b u f f e r ,  pH 7 .5 .  Nonadsorbed p r o t e i n s  were 
e lu te d  with  t h i s  s t a r t i n g  b u f f e r  and the adsorbed p r o t e i n  were 
e lu te d  in success ion  with
/ I /  104 ml of  pH 4-6 ampholyte,  pH 5.5
/ I I /  80 ml of  pH 3.5 - 5 ampholyte,  pH 4.65
/ I I I /  0.3 M MaCl in  the s t a r t i n g  bu f fe r
E lu t ion  was c a r r i e d  out a t  a flow r a t e  of  15 ml per  hour and
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f r a c t i o n s  of  2.4 ml were c o l l e c t e d .  The e f f l u e n t s  were monitored 
fo r  absorbance a t  280 nm with  an Isco UA-5 adsorbance monitor .
The ampholyte used was home s y n th e t i s e d  and f r a c t i o n a t e d  to narrow 
pH r a n g e s .
A n t i se ra
Goat anti-human a l p h a - f e t o p r o t e i n  was produced by immu->• 
nizing the animal with 380 jag of alpha-fetoprotein in complete Freund’s 
adjuvant  a t  m u l t ip l e  in t radermal  s i t e s .  The i n j e c t i o n s  were given 
th r e e  times a t  14 day i n t e r v a l s  and the  animal was bled a f t e r  
the l a s t  i n j e c t i o n .
Immunoadsorbent
Immunoglobulin f r a c t i o n  was prepared  from a n t i s e r a  by 
p r e c i p i t a t i o n  with  sodium s u l f a t e  / 18 g of  s o l i d  sodium-sulfate/ 
100 ml of  serum/, the  p r e c i p i t a t e  was d i s so lved  in d i s t i l l e d  
water ,  d ia ly s ed  a g a i n s t  water  and l i o p h y l i s e d  a f t e r  removal of  
the p r e c i p i t a t e  formed during d i a l y s i s .  The f r e e z e - d r i e d  material 
was d i s so lved  in 0.1 M NaHCO^, pH 9.7 ,  a t  a conce n t ra te  of  
25 mg/ml and was coupled to  a c t i v a t e d  Sepharose 4B. The Sepharose 
4B was a c t i v a t e d  with  cyanogen bromide us ing  the method of  Porath
( 1 6 )  . The immunoadsorbent was packed in  a 1.6 x 20 cm column 
and washed with  50 mM phosphate b u f f e r ,  pH 7 .5 ,  con ta in ing  0.5 M 
NaCl. The column was e q u i l i b r a t e d  p r i o r  to use with  t h i s  b u f f e r .  
Crude m a te r i a l  con ta in ing  a l p h a - f e t o p r o t e i n  was app l ied  to the 
immunosorbent column and was e lu te d  with  the equ i l ib r ium  bu f fe r  
to wash out the unbound p r o t e i n s .  In success ion  the bound proteins 
were then  e lu ted  with  0.35 M glycine/HOl b u f f e r  pH 2 . 4 , containing 
0.1 M glucose and f i n a l l y  with  8 M urea .  Descending chromatography 
was c a r r i e d  out  with  a flow r a t e  of  6 ml per  hour. F ra c t io n s  of
1.2 ml were c o l l e c t e d  and the e l u t i o n  p r o f i l e  was monitored by 
measuring the absorbance a t  280 nm with  an Isco  UA-5 absorbance 
m o n i to r .
A n a ly t ica l  procedures
Q u an t i t a t i o n  of  a l p h a - f e t o p r o t e i n  and albumin wasperformed 
employing the r a d i a l  immunodiffusion technique of  Mancini e t  a l .
( 1 7 )  . The p u r i t y  of  the chromatographic f r a c t i o n s  was s tud ied
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1by immunoelectrophoresis  according to Grabar and Williams (18) 
and crossed  immunoelectrophoresis  according to L a u re l l  (19).
Ouchterlony d o u b le -d i f fu s io n  a n a l y s i s  was c a r r i e d  out  as 
was d esc r ibed  by Ouchterlony (20).
RESULTS AND DISCUSSION
Blue-Sepharose a f f i n i t y  chromatography was performed e s ­
s e n t i a l l y  to  remove albumin s e l e c t i v e l y  from the  p r e p a ra t io n .
A l l  o f  the a l p h a - f e t o p r o t e i n s  app l ied  to  the Blue-Sepharose 
were recorded  in the  unbound f r a c t i o n  e lu te d  with  the equilibrium 
b u f f e r ,  but  with  the se  b u f f e r in g  cond i t ions  only  65 per cen t  of  
albumin was removed from the  p r e p a ra t io n  con ta in ing  a l p h a - f e t o ­
p r o t e i n  .
F igure 1 i l l u s t r a t e s  the e l u t i o n  p r o f i l e  ob ta ined  from 
concanava lin A a f f i n i t y  chromatography of  p r e p a ra t io n s  obtained 
from Blue-Sepharose.  Two major absorbance peaks were observed.
The f i r s t  peak r e p r e s e n t s  p r o t e i n s  not  bound to  the  column and 
to be e lu te d  with  the  equ i l ib r iu m  b u f f e r ,  the second appeared 
a f t e r  the  change of  the e l u t i n g  medium to the equ i l ib r iu m  buffer 
c o n ta in ing  2 % o f  1 -0-methy l -a  - D-g lucopyranos ide . Immunoelectro­
ph o res i s  assessment rev ea led  t h a t  the f r a c t i o n s  r e p re s e n t e d  by 
the f i r s t  peak c o n s i s t e d  of  albumin and r e a c te d  with  anti-albumin 
but  not  w ith  a n t i - a l p h a - f e t o p r o t e i n .  P ro te in s  in  the  pooled 
f r a c t i o n s  of  the second peak had e l e c t r o p h o r e t i c  m o b i l i t i e s  
corresponding  to  those of  a l p h a - f e t o p r o t e i n  and bes ide  these  
t h r e e  o th e r  p r o t e i n s  inc lud ing  albumin.  Ouchterlony double­
d i f f u s i o n  a n a l y s i s  confirmed the  presence  of  a l p h a - f e t o p r o t e i n  
an t igen .  However, a r e a c t i o n  with  an t iserum to albumin demonstrated 
t h a t  some albumin was a l so  p re s e n t .
Several  p revious  r e p o r t s  (9,21) d e f i n i t e l y  s t a t e d  t h a t  
chromatography on concanaval in  A would complete ly  s e p a ra t e  the 
a l p h a - f e t o p r o t e i n  from albumin,  but  t h i s  presumably i s  a m a t te r  
o f  the s e n s i t i v i t y  o f  the d e t e c t i o n  method. Twomay e t  a l . ( 7 )  
was of  a d i f f e r e n t  opin ion.
F igure 2 demonstrates the s e p a ra t io n  of  a l p h a - f e t o p r o t e i n  
by chromatofocusing techn ique .  Four major absorbance peaks were 
observed and a f t e r  screen ing  the  f r a c t i o n s  fo r  albumin and 
a l p h a - f e t o p r o t e i n  by double-immunodiffusion and t e s t i n g  them
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Figure 1. Concanavalin A-Sepharose 4B column chromatography 
of  f e t a l  p r e p a ra t io n s  S t a r t i n g  b u f f e r  was 55 ml 
of  0.1 M a c e t a t e  b u f f e r ,  pH 6 .0 ,  con ta in ing  1.0 M
er ,
con ta in ing  2 % 1-0-methyl-a -D-glucopyranoside 
Absorbance a t  280 nm / ------/ and a l p h a - f e t o ­
p r o t e i n  / —A —A  — /
with  immunoelectrophoresis  i t  was revea led  t h a t  the t h i r d  peak 
c o n s i s t e d  of  albumin and the  fo u r th  contained  the a l p h a - f e t o ­
p r o t e i n  without  albumin and o the r  p r o t e i n s  as contaminants .  An 
i n t e r n a l l y  genera ted  pH g ra d ie n t  was e s t a b l i s h e d  due to  the 
b u f f e r in g  cap a c i ty  of  ampholyte as i t  was shown on the  f i g u re .  
The c o n ce n t ra t i o n  of  ampholyte used was below t h a t  which was 
normally used and did  not  cause e l u t i o n  of  p r o t e i n s  i f  the  pH 
was above t h e i r  i s o e l e c t r i c  p o in t s .  I t  can be seen from the 
f i g u r e  t h a t  a smooth pH g ra d ie n t  was formed and the p r o t e i n s  
were e lu te d  as def ined  and sharp peaks. When 0.3 M NaCl was 
a pp l ied  immediately a f t e r  the t h i r d  peak had emerged from the
NaCl, 1 mM OaCl«, 1 mM MnC^, and 1 mM MgCl„ 
fol lowed by 125 ml of  the  same s t a r t i n g  buff
280
.6
1
ro
CD
Fract ion number
Figure 2. Chromatofocusing for the separation of alpha-fetoprotein. The column, in i t ia l ly  equilibrated with 
10 mtl phosphate buffer, pH 7.5, was eluted in succession with / I /  104 ml of pH 4-6 ampholyte, 
pH 5.5, / I I /  80 ml of pH 3.5-5 ampholyte, pH 4.65, / I I I /  0.3 M NaCl in the starting buffer. The 
thick and thin lines indicate absorbance at 280 nm and pH gradient,respectively.
Albumin / —A — —/ and alpha-fetoprotein / —A  —A —As— /
F r a c t i o n  n u m b e r
Figure 3. Immunoaffinity chromatography of  a lpha-
f e t o p r o t e i n  con ta in ing  m a te r i a l  on a column 
of  Sepharose-con jugated  ^ - g l o b u l i n  from 
anti-human a l p h a - f e t o p r o t e i n  serum. The column 
was washed p r i o r  to  use with  50 mM phosphate 
b u f f e r .  pH 7.5 ,  con ta in ing  0.5 M NaCl. The 
non-bound p r o t e i n s  were e lu ted  with  the same 
b u f f e r ,  followed by 0.35 M glycine/HCl buffer, 
pH 2 .4 ,  con ta in ing  0.1 M glucose ,  and f inal ly 
by e l u t i o n  with  8 H urea .  Absorbance a t  
280 nm / ------- / and a l p h a - f e t o p r o t e i n
A-A — A — !
column, a l p h a - f e t o p r o t e i n  e lu ted  as the l a s t  peak.
During the p u r i f i c a t i o n  process  40 per  cen t  of  a l p h a - f e t o ­
p r o t e i n  was l o s t  but t h i s  process  can be app l ied  fo r  e l im in a t in g  
the serum p r o t e i n s  e s p e c i a l l y  albumin combined with  a l p h a - f e t o ­
p r o t e i n  which renders  i t s  p u r i f i c a t i o n  d i f f i c u l t .
Figure 3 i l l u s t r a t e s  the e l u t i o n  p r o f i l e  ob ta ined  from the 
immunoaffini ty chromatography of  crude m a te r i a l  y ie lded  with 
s a l t i n g - o u t ,  on the anti-human a l p h a - f e t o p r o t e i n  immunoadsorbent 
column. The f i r s t  peak r e p r e s e n t s  p r o t e i n s  not  bound to the
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immunoadsorbent. Bound proteins were eluted in the second peak 
with glycine/HCl buffer as eluent, the fraction^ of the second 
peak did not contain any alpha-fetoprotein as was confirmed by 
Ouchterlony double-diffusion. The third peak eluted with 8 M 
urea revealed that alpha-fetoprotein was present. The purified 
alpha-fetoprotein obtained by immunoaffinity chromatography was 
assessed by double-diffusion and immunoelectrophoresis and was 
found to be contaminated with albumin and was further purified 
with chromatofocus ing as was described previously.
In conclusion, pure human alpha-fetoprotein can beisolated 
in appropriate yields using appropriately selected immunochemical 
and physicochemical methods.
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